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Preface 


us*  Surface-Acoustic-Wave  (SAW)  Technology  In  Communications  Systems. 

I : 

In  addition  to  investigating  direct  applications  of  SAW  devices  to  com* 
munlcations  systems,  it  vas  felt  that  by  combining  several  processes  in 
the  SAW  medium  greater  efficiency  and  flexibility  vould  be  possible.  In 
this  study,  background  preparation  in  Molecular  (solid  state)  Electronics 
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terns  applications  of  this  special  category  of  solid  state  devices. 
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I am  also  grateful  for  the  suggestions  of  Mr.  Alan  J.  Budreau,  of  the  same 
office. 

I am  extremely  grateful  to  my  thesis  advisor.  Captain  John  M.  Borky, 
for  his  technical  assistance,  guidance,  patience  and  encouragement.  With- 
out  his  help  I might  not  have  finished  this  study. 

A special  vord  of  thanks  goes  to  Captain  Stanley  R.  Robinson,  Captain 
Gregg  L.  Vaughn,  and  Professor  Raymond  S.  Potter,  all  Professors  of  Elec- 
trical Engineering  at  AFIT  School  of  Engineering.  Captain  Robinson  and 
Captain  Vaughn  provided  constructive  suggestions  vhlle  Professor  Potter 
let  me  use  same  of  his  reference  material. 

I certainly  vould  be  remiss  if  I did  not  acknowledge  the  help  of 
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Abstract 


The  purpose  of  this  study  is  to  suggest  new  approaches  to  the  use 
of  surface  acoustic  vave  technology  in  coMninleatlons  systems.  The  prob- 
lem was  approached  by  considering  the  basic  physics  of  the  wares  and 
their  interactions  with  themselres,  with  electrons,  end  with  photons. 
Three  derices  that  used  SAW  components  were  analysed  on  the  basis  of 
the  basic  physics,  and  their  performance  was  compared  with  non-SAV  de- 
rices,  where  possible.  The  three  derices  were  a SAW  convolver  with  bi- 
directional opllflcation,  an  A/D  converter  using  a SAW-generated  ref- 
erence waveform,  and  a phase-loch  loop  using  acoustic  wares  for  the  mix- 
ing and  filtering  functions.  Based  on  the  analysis  of  those  derices, 
new  approaches  are  suggested.  The  devices  suggested  were  a mixer  that 
delays  one  input  relative  to  a second  input ; a variable  Q,  high  Q band- 
pass filter*,  and  a filter  that  selects  a signal  based  on  an  impurity  pat- 
tern in  a semiconductor. 


THE  APPUCATIOH  OF  SURFACE  ACOUSTIC  WAVE 


TECHHOLOGY  TO  COMMUHICATIOHS  SYSTEMS 

I.  Introduction 

Surface  acoustic-  vave  (SAW)  devices  have  already  been  used  success- 
fully in  aany  crmmnulcatloo  systems.  Among  the  most  common  uses  are  in 
pulse  compression , band-pass  filtering,  time  daisy,  and  correlation/ 
convolution  (Young,  1976:691).  One  example  of  a system  that  uses  pulse 
compression  is  a range- instrumentation , date-link  system  (Marple,  1976). 
The  system  uses  SAW  pulse  compression  for  synchronisation  and  for  code- 
identification  of  more  than  100  vehicles.  Ease  of  implementation  and 
processing  gains  of  17  dB  make  the  SAW  device  a "cost  effective  approach" , 
according  to  the  author  (Marple,  1976:591).  A SAW  TV  IF  filter,  used  in 
color  television  receivers,  is  an  example  of  SAW  band-pass  filtering 
(Devries , 1976).  The  SAW  device  has  better  out-of-band  frequency  rejec- 
tion (60  dB  versus  50  dB),  a more  linear  phase  response,  comparable 
reproducibility  (0.2  percent)  and  only  a slightly  higher  cost  (the  SAW 
filter  costs  betveen  $1  and  $2,  vhen  mass  produced)  than  a standard  IF 
filter  (Devries,  1976:673-676).  in  addition,  the  SAW  filter  is  smaller 
than  a dime  and  requires  no  tuning,  reducing  equipment  size  and  assembly 
costs.  Both  time  delays  of  up  to  1 msec  (Coldren,  1976:598)  and  contlnu- 
ously-varlable  delays  of  up  to  Uo^,sec  (Deacon,  1973:229)  are  oossible 
vith  SAW  delay  lines.  A detailed  analysis  of  a SAW  convolver  vill  be 
presented  in  a later  chapter.  All  in  all,  SAW  devices  have  been  found 
to  be  useful  in  systems  and  something  that  systems  engineers  should  be 
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tnrt  of. 


Besides  the  areas  already  pretested,  considerable  research  has  been 
done  on  other  aspects  of  SAW  devices.  Much  vork  has  been  done  in  the  area 
of  SAW  oscillators  and  resonators  (Manes,  1976;  Carr,  1977;  Tanskl,  1976; 
Susukl,  1976).  These  devices  are  able  to  operate  at  frequencies  of  be- 
tween 20  MHz  and  1 GHz  as  opposed  to  a top  frequency  of  20  MHz  for  a 
conventional  bulk  node  quartz  crystal  oscillator.  In  order  to  reach 
comparable  frequencies,  the  crystal  oscillator  needs  frequency  multipliers 

;! 

and  filters.  Consequently,  at  those  frequencies,  the  cry it  a'  oscillator 
systsn  has  a size  and  weight  that  la  twenty  times  that  of  a comparable 
SAW  device  (Carr,  1977:3-fc-l).  The  chief  disadvantage  of  the  SAW  oscill- 
ator/resonator Is  its  long  tern  aging  (l.e..  Instability).  Its  aging  is 
greater  than  10  parts  per  million  per  year  which  Is  worse  than  the  aging 
of  a crystal  oscillator  systsn  (Manes,  1976:716). 

Vork  has  also  been  done  in  both  prograoable  and  adaptive  SAW  devices. 
One  programmable  device  is  the  SAW  fast  frequency  synthesizer  (Laker, 

1976) .  This  device  uses  16  SAW  filters  vhich  are  all  on  a 25  x 9 a 
substrate.  The  filters  are  selected  by  an  array  of  SOS  p-i-n  diodes  and 
frequencies  can  be  switched  In  less  than  5y*sec  (Laker,  1976:693).  The 
capability  of  rapidly  changing  frequency  is  particularly  desirable  in 
spread  spectral  systems.  Another  desirable  feature  for  spread  spectrum 
systems  Is  wide  bandwidth.  The  wide  bandwidth  of  SAW  devices  was  particu- 
larly helpful  in  implementing  an  adaptive  spread  spectra  receiver  (Das, 

1977) .  SAW  components  are  used  to  estimate  the  spectra  of  a slowly- 
varying,  vl de-band  Gaussian  interference  signal.  Fra  even  this  small 
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MBpllas  of  SAW  devices  and  applications,  it  la  claar  that  theaa  vavaa 
have  vldo  application. 

Objective 

Tba  nlaaion  of  tba  RF  Components  Group,  Antennas  and  R F Components 
Brmneh  Qf  th*  *l*etrcmagnetle  Sclanca  Diriaion  of  tha  Rom  Air  Develop- 
■aat  Cantar  (RADC/EKA)  lncludaa  both  tha  adrancoawnt  of  baaic  SAW  tech- 
nolo«r  and  tha  application  of  that  technology  to  solve  Air  Force  system 
requirements.  At  tha  instigation  and  undar  tha  aponaorahip  of  RADC/EEA, 
thia  thaala  project  van  structured  a a a theoretical  investigation  of  nev 
and  batter  applications  of  SAW  devices  in  the  arena  of  econinication  sys- 
tan  signal  proeeaaing. 

This  study  sought  to  determine  acne  nev  approaches  to  using  SAW 
technology  la  communication  systems.  Mora  specifically,  it  vas  felt 
that  nev  techniques  could  be  developed  that  use  different  combinations 
of  tha  basic  wave  properties  and  interactions.  Instead  of 
SAW  devices  as  Just  replacements  components  in  existing  communications 
systtts,  the  different  combinations  of  vave  properties  and  interactions 
v*r*  examined  as  fulfilling  a function  in  the  communication  process. 
Depending  on  the  degree  of  abstraction  used  in  describing  the  component, 
the  tvo  approaches  might  be  considered  the  same.  For  axople,  if  a com- 
ponent is  described  as  a square  lav  device,  a SAW  device  (that  uses  a 
nonlinear- vave  property)  or  a diode  could  fulfill  the  function  even  though 
the  SAW  device  works  in  a completely  different  fashion.  Certainly  this 
idea  of  nonstandard  components  is  not  nev  (e.g. , the  SAW  convolver  is  a 
nonstandard  component).  However,  nev  experimental  evidence,  -scent 
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daawn  strut  ions  of  novel  devices,  and  new  insights  into  previously  dis- 
covered properties  shad  some  nav  light  an  tha  subject. 

Approach  and  Scopa 

Tha  approach  osad  in  this  study  was  an  analytical  ona,  sines  appro- 
prlata  laboratory  facilitias  for  experimental  Tarificatiao  of  tha  con- 
capts  arclrad  wars  not  aasily  aecassibla  at  tha  tins  tha  work  was  under- 
taken. Part  of  tha  study  was  a comprehensive  literature  search  to  deter- 
mine tha  properties  of  surface  acoustic  wares,  their  limitations  and  haw 
the  warms  had  already  bean  applied  to  crwannl cations  systems.  A surrey 
was  than  made  of  rarious  ccasunicatious  signal  processing  problems  and 
techniques.  Tha  two  areas  vara  caaqpared.  A few  SAW  devices  that  used 
different  approaches  to  tha  canmunieations  problems  were  singled  out  and 
analysed  from  tha  basis  of  ware  properties  and  interactions.  Comparisons 
ware  made  between  these  devices  and  non-SAW  devices,  where  possible.  The 
analyses  were  then  extended  to  suggest  new  approaches  that  looked  promis- 
ing. A logical  continuation  of  this  work  involving  actual  hardware  and 
measurements  would  be  highly  desirable,  given  appropriate  fabrication  and 
teat  facilities. 

Sequence  of  Presentation 

This  study  begins  with  a presentation  in  Chapter  II,  of  the  basic 
surface  acoustic  ware  properties  and  the  interactions  of  wares  with  them- 
selves, electrons,  and  photons.  A discussion  is  made  of  the  propagation 
direction,  velocity,  and  frequency  range  of  the  wares.  The  oechanical- 
electrieal  nature  of  the  ware  is  presented  as  well  as  the  nature  of  the 
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surface  displacement.  The  remaining  part  of  the  chapter  deals  vlth  hov 
the  vave  can  be  shaped  and  modified.  Wave  shaping,  as  a property  of  the 
pattern  of  a metal-film  transducer,  is  analyzed.  Modification  of  the 
vave  through  nonlinear  vave  interactions  and  through  transfer  of  energy 
betveen  parallel  vave  paths  is  also  analyzed.  Plnally,  the  interactions 
of  vaves  vlth  electrons  in  a semiconductor  and  vith  photons,  travelling 
in  an  optical  vaveguide  just  belov  the  surface,  are  discussed. 

In  Chapter  III  the  general  concepts  presented  in  Chapter  II  are 
applied  to  specific  devices.  Initially,  some  of  the  more  practical  as- 
pects of  the  vaves  (such  as  loss  mechanisms,  distortion  mechanisms  and 
environmental  effects)  are  presented.  Three  devices  are  analyzed.  Com- 
parisons are  then  made  betveen  the  performance  of  the  SAW  devices  and 
non-SAW  devices,  vhen  possible.  The  practical  aspects  help  to  explain 
the  leas-than-ideal  behavior  of  SAW  components  and  suggest  some  trade- 
offs that  must  be  made. 

Chapter  IV  extends  some  of  the  concepts  brought  out  in  Chapter  III 
to  suggest  nev  approaches.  Included  in  the  nev  approaches  are  a mixer 
that  can  change  the  relative  phases  of  the  two  inputs,  a high  Q variable- 
bandvidth  filter,  a device  that  uses  an  impurity  pattern  to  select  a 
narrowband  (13  KHz)  signal  out  of  a wideband  RF  signal,  and  a SAW  equiva- 
lent to  an  integrated  circuit. 

Chapter  V presents  the  overall  conclusions  and  recommendations  for 
further  study. 
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II.  Surface  Acoustic  Wave  Physics 

The  inplaaentatioc  of  various  coonunicationa  ayatcaa  or  devices 
vlth  surf ace-acoustic -vave  technology  la  strongly  dependant  on  tha 
Physics  of  thaaa  vaves.  Tha  physics  controls  such  things  a a allovabla 
frequency  range,  allovabla  povar  levels  for  llnaar  oparatlon,  and  tha 
afflelaney  of  anargy  transfer.  In  addition,  by  undar standing  tha 
propartias  of  tha  vaves,  it  vlll  ba  aaslar  to  undarstand  vhy  aoaa 
laplaaantatlona  ara  aaslar  than  othara ; that  la,  vhleh  inplanentatlons 
taka  advantage  of  both  tha  strangtha  and  vaaknassaa  of  tha  SAW  approach. 
Tha  propartias  of  vavas  and  thalr  Interactions  presented  in  this  chapter 
ara  tha  ones  that  have  bean  useful  in  actual  devices.  Tha  specific 
propartias  to  ba  discussed  include  a general  discussion  of  tha  basic 
vave  propartias,  vave  transductions,  interactions  betveen  surface  vavas, 
interactions  betvsen  surface  vaves  and  electrons,  and  interactions  be- 
tveen surface  vavas  and  photons.  Specific  device  applications  vlll  ba 
discussed  in  latar  chapters. 

Basic  Ware  Propartias 

To  batter  understand  tha  SAW  devices,  one  should  first  have  a good 
understanding  of  surface  acoustic  vavas.  Tha  follovlng  is  a stnasary  of 
saaa  important  SAW  propartias  (Slobodnik,  1976:581-59** ) . Tha  vavas 
have  frequencies  of  betvsen  10  M Hi  and  1 QHt,  velocities  around  3x10^ 
■/sac  and,  consequently,  vavelengths  of  betvsen  1 and  300^m.  Tha 
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lower  limit  on  wavelength  (upper  limit  In  frequency)  le  determined  by 


the  method  of  generating  the  vavee.  The  aoet  common  method  of  gener- 
ating surface  acoustic  waves  uses  periodically-placed  metal  strips, 
which  are  collectively  called  an  interdlgltal  transducer  (IDT)  (See 
Figure  1).  Thus,  for  an  IDT,  the  achievable  lower  wavelength  limit 
Is  determined  by  the  resolution  In  the  manufacturing  process  (Hays, 
1976:658 ) . The  upper  wavelength  limit  is  determined  by  the  length 
of  the  crystal  material. 

A typical  crystal  material  (substrate)  is  a few  millimeters  thick 
and  has  a surface  area  of  a few  tees  of  square  centimeters.  Most  of 
the  wave  energy  le  confined  to  one  acoustic  wavelength  from  the  sur- 
face. In  order  to  obtain  more  specific  Information  about  the  wave 
properties  (such  as  exact  wave  velocity),  a set  of  equations  Involving 
the  crystal  properties.  Maxwell's  equations,  end  the  equations  of 
motion  (relating  the  spatial  derivatives  of  stress  to  the  time  deriv- 
atives of  displacement ) must  be  solved.  The  crystal  properties  In- 
clude the  plesoelectric  constants,  dielectric  constants  and  elasticity 
constants.  The  solution  also  involves  the  boundary  condition  of  a 
i free  surface. 
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Figure  1.  Schematic  representation  of  the  launching  and  propagation 
of  a surface  acoustic  vara  (Slobodnlk,  1976:581). 

A closed- f on  solution  of  these  equations  is  not  possible  (Slobodnlk, 
1976:582).  Part  of  the  problem  is  that  the  crystal  properties  must  be 
treated  as  tensors  (l.e. , the  crystals  do  not  hare  isotropic  properties). 
The  equations  also  lead  to  a transcendental  equation  vhich  must  be  solved 
by  computer  iterative  techniques.  A result  of  the  computer  solutions  is 
that  the  vnve  parameters  vary  vith  the  direction  of  propagation.  Data 
must  than  be  plotted  versus  propagation  direction.  One  vay  of  denoting 
the  direction  of  propagation  is  to  specify  the  crystal  plane  sad  some 
direction  on  that  plane.  Parameters  can  then  be  plotted  versus  the  angle 
the  propagation  direction  makes  vith  that  reference  direction  in  the  plane. 
This  method  is  illustrated  in  Figure  2. 

Figure  2 shows  sons  of  the  more  important  data  obtained  from  the 
computer  solution.  Tha  surface  velocity  determines  how  long  the  wave  will 
be  on  the  crystal,  vhich  is  important  in  determining  timing  interfaces  with 
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Figure  2.  Velocity,  AV/V  , and  power  flow  eagle  curves  for  Y-cut  LITaOo 

(Slobodnik,  1976:583). 


other  parts  of  the  system  in  which  the  SAW  component  is  used.  The  term 
"A'Z/V  " is  defined  ss  the  percentage  difference  in  wave  Telocity  between 
s free  surface  and  one  with  an  infinitesimally  thin  perfect  conductor. 

The  AV/v  parameter  is  important  in  describing  the  strength  of  electric  field 


in  the  wave  as  veil  as  ths  efficiency  of  ths  wave  generation  process 
(This  parsiseter  Is  discussed  In  more  detail  belov).  The  pover  flow  angle, 
0,  Is  the  angle  between  the  ties  average  electromechanical  pover  flow  vec- 
tor and  the  direction  of  propagation.  The  natural  propagation  directions 
(pure  node  axes)  are  defined  by  0 ■ 0.  Ths  slope  of  the  curve  detemines 
the  bean-steering  (i.e. , how  the  bean  will  react  to  slight  misalignment  of 
path)  and  the  diffraction  (l.e. , how  the  bean-energy  spatial  profile  vill 
widen  as  the  wave  propagates).  Minima  bean  steering  occurs  when  the  slope 
equals  zero.  It  can  be  shown  that  if  the  slope  equals  minus  one,  there  Is 
minima  of  diffraction  (Slobodnlk,  1976:588). 

Further  elucidation  of  the  AVA/  parameter  is  appropriate , In  the  view 
of  Its  central  Importance  In  determining  SAW  device  behavior.  The  &V 
results  fron  the  change  in  velocity  caused  by  a surface  coating  of  an 
Infinitesimally -thin  perfect  conductor.  The  effect  of  the  conductor 
(Adler,  1971:11?)  is  to  neutralize  the  electric  field  of  the  wave  caused 
by  the  piezoelectric  effect.  The  conductor  allows  free  charges  to  move 
along  the  crystal  surfaces  and  thereby  reduces  the  electric  field  to  zero. 
The  wave  then  becones  a pure  mechanical  wave.  Since  the  wave  had  some  of 
Its  energy  stored  In  the  electrical  potential,  there  is  an  energy  loss. 

The  result  of  the  reduction  of  energy  stored  in  the  wave  is  a decrease 
in  its  wave  length  and  velocity.  Experiments  have  shown  that  the  per- 
centage change  In  velocity  is  directly  related  to  the  percentage  of  energy 
of  the  surface  wave  stored  in  its  electric  field  (Collins,  1968:312-313). 
This  percentage  is  important  because,  as  vill  be  seen  later,  SAW  devices 
rely  heavily  an  the  strength  of  electric  field.  Also,  since  the  waves 
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are  generated  by  the  reverse  piezoelectric  effect,  AV/v  determines  the 
efficiency  of  generation  process.  The  process  Is  less  then  totally  effi- 
cient because  part  of  the  energy  of  the  generating  electric  field  goes 
Into  the  "mechanical  wave"  rather  than  the  electric  field  of  the  vare. 

Besides  the  Mechanical-electrical  aspect  of  the  ware,  there  Is  sn other 
complication.  The  displacement  is  tvo  dimensional:  there  Is  a component 
of  the  displacement  parallel  to  the  propagation  direction  sad  a second 
component  that  is  normal  to  the  surface  (Viktorov,  1967:6).  They  are 
called  the  longitudinal  and  transverse  components  respectively.  As  used 
here,  transverse  vill  exclude  any  component  not  normal  to  the  surface 
(i.e. , a component  perpendicular  to  the  direction  of  propagation  but  along 
the  surface).  The  path  of  a molecule  on  the  surface  is  elliptical  as  the 
vave  passes.  These  acoustic  surface  vaves  are  examples  of  a more  general 
type  of  surface  vave,  called  Rayleigh  vaves.  Rayleigh  vaves  Include  vster 
vaves  and  earth  tremor  vaves,  and  are  characterized  by  elliptical  surface- 
molecule  movement.  Since  the  displacements  are  tvo  dimensional,  there  are 
longitudinal  and  transverse  electric  fields  associated  vlth  the  acoustic 
surface  vave  as  veil. 

It  vill  be  useful  for  later  discussions  of  SAW  device  behavior  to 
develop  the  nature  of  the  plesoelectric  effect  in  more  detail.  The 
piezoelectric  effect  la  a phenomenon  in  vhlch  pressure  on  a surface  or 
displacement  of  a surface,  vlth  attendant  stress  Induced  In  the  material, 
creates  an  electric  field.  The  reverse  piezoelectric  effect  is  observed 
vhen  an  electric  field  causes  a displacement  vhlch  Is  linearly  proportional 
to  the  applied  voltage  and  directly  related  to  the  voltage  polarity  (i.e. , 
Is  an  odd  function).  In  contrast,  the  electrostrlctlve-effect  strain 
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(and  displacement)  Is  porportlonal  to  ths  square  of  the  voltage  and  is 
an  even  function.  The  plesoelectric  effect  is  based  on  a stress-induced 
dipole  moment  vlthln  the  crystal.  Electro strictire  effects  are  normally 
much  smaller  than  plesoelectric  effects,  so  the  latter  are  preferred  as  the 
basis  for  ef feet ire  transducers  (Mason,  1950:1). 

Generation.  Ware  Shaping  and  Detection 

The  basic  structure  of  an  interdigital  transducer  is  illustrated  in 
Figure  1.  An  electrical  input  is  applied  betveen  the  tvo  sets  of  elec- 
trodes on  the  left  of  Figure  1.  The  applied  roltage  causes  a displace- 
ment of  the  surface  due  to  the  reverse  piezoelectric  effect.  That  dis- 
placement propagates  along  the  surface  as  a rare  according  to  the  basic 
properties  already  presented.  The  transducers'  chief  advantages  are  the 
»l*plicity  of  construction  and  the  vide  variety  of  transducer  responses 
available.  Construction  involves  deposition  of  a thin  metal  film  and 
patterning  by  means  of  a mashing  step  (normally  using  photolithography) 
and  by  chemical  etching  to  define  the  transducer  geometry  (Maines, 
1976:640).  These  processes  have  been  veil  developed  in  the  Integrated 
circuit  Industry.  The  transducer  response,  then,  is  a function  of  the 
metal  pattern.  The  main  characteristics  (Hurlburt,  1974:84-85)  of  this 
pattern  are  finger  (electrode)  width.  Interdigital  spacing,  apodization 
(or  the  length  of  overlap  of  adjacent  fingers)  and  the  total  length  of 
the  transducer  (along  the  direction  of  propagation).  In  Figure  1 the 
apodization  is  uniform  and  is  annotated  by  the  distance  d.  Because  each 
finger  Is  connected  to  one  of  the  tvo  bus  bars,  the  transducer  length 
vlU  directly  affect  the  duration  of  the  transducer  response  to  an  impulse 
excitation,  and  since  the  impulse  response  is  related  to  the  frequency 
response,  the  transducer  length  also  affects  the  frequency  response  of 
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the  transducer.  Tbs  frequency  response  of  the  transducer  is  defined  as 
the  frequencies  that  are  converted  frost  the  Input  to  the  vave  as  veil  as 
their  relative  magnitudes.  Specifically,  the  length  and  apodlzation  are 
related  to  the  transducer  bandwidth.  More  energy  is  transduced  by  a 
given  finger  pair  when  the  length  of  overlap  is  increased.  Thus,  changing 
the  apodlzation  in  the  pattern  places  different  energies  along  the  acoustic 
path,  and  this  "weighting"  of  the  time  response  also  controls  the  frequency 
response.  More  specifically,  to  a first  approximation,  the  apodlzation 
pattern  is  a discrete  Fourier  transform  of  the  desired  frequency  response 
of  the  transducer.  It  should  be  noted  that  for  simple  interdigital  trans- 
ducers, such  as  the  one  noted  in  Figure  1,  the  frequency  response  is  fixed 
once  the  metal  pattern  is  established. 

Thus  far,  the  motion  of  the  acoustic  vave  has  not  been  considered. 

If  the  transducer  input  is  periodic,  vave  reinforcement  is  possible  as 
the  signal  moves  through  the  metal  pattern.  Reinforcement  will  occur 
when  the  time  period  of  the  input  and  the  "spatial  period"  of  the  pattern 
coincide.  These  two  periods  are  related  by  the  velocity  of  the  vave. 
"Spatial  period"  refers  to  the  dlstsnce  between  the  center  lines  of  con- 
secutive interconnected  fingers.  Spatial  period  is  also  related  to  the 
previously  mentioned  Interdigital  spacing,  or  the  spacing  between  elec- 
trodes. It  can  also  be  shown  that  finger  vidth  and  interdlgltal  spacing 
can  determine  the  harmonic  frequency  response  of  the  transducer  (Hurlburt, 
197U:8U;  Egan,  1969:1014). 

There  are  other  ways  to  affect  the  frequency  response  as  veil  as 
the  phase  response  of  the  transducer.  By  the  phase  response,  it  is  meant 
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how  th*  pbns*  of  th*  input  and  th*  phase  of  the  vare  are  related.  One 
Is  to  change  connections  to  the  bus  bars  (See  Figure  3).  Let  one  bus 
bar  be  labeled  and  the  other  for  convenience.  By  svltchlng  a 

pair  of  bus  bar  connections  (i.e. , by  connecting  electrode  3 to  - instead 
of  ♦ and  by  connecting  electrode  k to  ♦ instead  of  -)  the  direction  of 
surfae*  displacement  is  reversed  since  the  direction  of  the  electric 
field,  £ , Is  reversed.  This  is  equivalent  to  a half  wavelength  "phase 
shift"  for  a perfectly  sy— etrlcal , periodic  vave.  In  that  sense,  bus 
bar  connections  can  be  thought  of  as  "bi-phase  coding"  of  the  transducer 
(D*  Vito,  1971:1323-1525).  A more  general  way  of  modifying  the  response 
is  by  individually  weighting  the  amplitude  and  phase  of  each  electrode 
(Hagan,  197 *»:  177-180) , rather  than  connecting  them  with  a bus  bar. 

Another  property  of  the  transducer  Is  directly  related  to  the  wave 
properties  of  the  generated  signal.  Vhen  the  electric  field  is  applied 
to  the  interdigltal  transducers,  waves  are  generated  simultaneously  in 
opposite  directions  (Slobodnik,  1976:585).  This  wav*  effect  Is  similar 
to  the  effect  of  vibrating  a long  board  on  the  surface  of  a pond.  Since 
th*  acoustic  waves  (propagating  in  opposite  directions)  are  identical. 


half  the  energy  Is  lost  if  only  on*  output  transducer  is  used.  Tbs  mis- 
directed wave  is  normally  absorbed  by  placing  a piece  of  vax  on  the  sur- 
face of  the  appropriate  side  of  the  transducer. 

In  order  to  get  an  eleetrlcal  output,  a second  transducer  Is  necessary. 
This  output  Is  produced  by  the  Inverse  of  the  vave  generation  mechanism. 

The  wave  has  an  electric  field  associated  vlth  It  (due  to  the  piezoelectric 
•ffset).  The  vave  produces  a potential  difference  betvenn  the  electrodes 
of  the  two  bus  bars.  The  electric  output  Is,  then,  the  voltage  between 
the  two  bus  bars.  A maximum  output  occurs  vhen  the  vave  coincides  with 
the  electrode  positions;  that  Is,  whan  the  wave  crests  coincide  with  the 
position  of  one  set  of  electrodes  (i.e. , connected  to  one  bus  bar)  while 
the  vave  troughs  coincide  with  the  position  of  the  other  set  of  electrodes 
(Haines,  1976:6U»).  , 

Interaction  of  Waves  in  the  Piezoelectric  Medium 

The  method  of  wave  interaction  plays  an  Important  role  in  surface- 
acoustlc-vave  physics.  Tor  low  power  densities,  the  medium  is  linear  and 
the  superposition  principle  can  be  applied.  As  vlth  most  vave  phenomena, 
however,  there  la  a power  density  above  vhlch  the  vave  Interaction  becomes 
nonlinear.  As  an  exsnpls,  for  Y-cut,  Z-propagating  LilfbO^  at  905  MHz,  the 
wave  Interaction  jcammm  nonlinear  vhen  the  total  power  density  is  around 
10  mW/ai,  and  at  83  MW /mm  zL-.;  power  In  the  second  harmonic  is  only  T dB 
below  the  power  In  the  fundamental  frequency  (Slobodnik,  1969:203).  At 
the  higher  power  densities  the  vave  displacement  is  also  affected  by  the 
higher  powers  of  the  electrlc-fleld  magnitude  at  the  point  of  displacement 
(e.g. , the  square  of  the  total  electrlc-fleld  magnitude).  Thus,  vhen  two 
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vtTti  Interact , the  displacement  will  be  proportional  to  the  weighted  sub 
of  aeweral  terns,  each  of  which  is  related  to  the  electric  field  of  one 
ware,  or  the  electric  field  of  the  other  ware,  or  to  both  fields.  There 
are  tens  proportional  to  each  electric  field  separately  (the  linear 
piezoelectric  effect ) , tens  proportional  to  the  square  of  each  of  the 
electric-field  magnitudes,  one  ten  proportional  to  the  product  of  the 
two  field  nagnltudea,  plus  higher  order  tens. 

Wares  on  two  separate  (but  parallel)  paths  (or  tracks)  can  be  made 
to  interact  by  the  use  of  thin  metal  strips  (See  figure  Ua),  called  a 
nulti strip  coupler  (Marshall,  1973:125).  Like  the  interdigital  transducer, 
the  Mtal  strips  are  used  to  establish  electric  fields  on  the  piezoelectric 
surface.  Howerer,  unlike  the  IDT,  these  netal  strips  are  not  connected  to 
anything  so  charge  flows  only  when  there  is  a temporary  difference  between 
the  electric  potentials  of  the  tracks.  The  charge  flow  causes  energy  to 
be  transferred  from  one  track  to  another. 
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To  simplify  the  analysis,  it  is  assumed  that  tha  elsctric  fisld  of 
tha  acoustic  vara  is  unifora  across  a track  (i.a. , is  uniform  perpendicu- 
lar to  its  direction  of  propagation).  Diffraction  and  beam  steering, 
which  vara  discussed  previously,  may  causa  sane  deviation  front  this  simple 
nodal.  If  tha  vave  in  each  track  is  modeled  as  unifora  across  tha  track 
and  there  are  tvo  tracks,  any  instantaneous  input  to  the  natal  strips  can 
be  described  as  a linear  combination  of  two  linearly- in dependent  input 
waveforms.  One  set  of  1 in early-independent  input  waveforms  could  consist 
of  a waveform  with  unit  amplitude  on  one  track  and  zero  amplitude  on  the 
second  track  and  a second  waveform  with  unit  amplitude  on  the  second  track 
and  zero  amplitude  on  the  first  track. 

However,  an  equally  acceptable  set  is  pictured  in  Figure  Ub,  and  is 
specified  by  the  letters  "sn  and  "a".  Waveform  "a" , standing  for  sym- 
metric, is  uniform  across  both  tracks.  The  second  vavefora  "a”,  standing 
for  antisyssaetrlc , has  a unit-amplitude  electric  field  on  one  track  and 
a field  in  the  second  track  that  is  equal  in  magnitude,  but  opposite  in 
direction  from  the  first  track.  The  only  criteria  for  tvo  waves  to  be 
linearly  independent  is  that  one  is  not  a multiple  of  the  other.  The  reason 
for  preferring  the  set  in  Figure  Ub  over  other  sets  is  that  the  fora  of 
these  waves  is  preserved  in  going  through  the  multistrip  coupler,  regardless 
of  the  mmiber  of  metal  strips. 

A reexamination  of  the  energy-transfer  mechanism  and  of  the  basic 
vave  physics  will  help  to  explain  vhy  the  waveforms  are  preserved 
(Marshall,  1973:125).  It  was  previously  stated  that  energy  is  transferred 
only  when  there  is  a temporary  difference  in  the  electric  potentials  of 
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the  two  tracks.  Sines,  by  definition,  tbs  "»"  vers  has  a uniform  elec- 
tric field  across  both  tracks,  that  potential  difference  does  not  exist. 

Ho  energy  is  transferred.  The  symmetric  ware  Is  not  changed  at  all  by 
the  presence  of  the  metal  strips. 

A temporary  potential  difference  does  occur,  however,  for  the  "a" 
wavs.  The  presence  of  the  metal  strips  allows  energy  transfer,  for  that 
case.  Since  the  two  electric  fields  haws  equal  magnitude  but  opposite 
sign  (by  definition),  the  transfer  of  electrons  causes  a cancellation  of 
the  electric  field  in  each  track.  The  wave  continues  travelling  because 
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there  is  still  the  purely  mechanical  part  of  the  wave.  It  should  be  noted 
that  this  cancellation  occurs  only  while  the  wave  is  under  a metal  strip. 

In  between  the  strips  the  mechanical  wars  still  generates  an  electric  field 
due  to  the  plesoelectrlc  effect.  As  was  explained  in  the  discussion  of 
A2V/V,  the  purely  mechanical  ware  and  the  regular  acoustic  surface  wave 
travel  at  different  speeds.  But  since  the  metal  strip  pattern  is  the 
same  on  both  tracks  the  wave  undergoes  the  same  velocity  changes  over  both 
tracks.  The  relative  position  of  the  wave  section  in  each  track  remains 
the  same,  so  the  "a*  wave  is  pass  through  un distorted , but  delayed  in 
time,  relative  to  the  "a"  wave. 

Prom  an  analytical  aspect,  then,  it  is  the  relative  delay  that  deter- 
mines the  amount  of  energy  in  each  track.  For  the  case  in  Figure  Ub,  com- 
plete transfer  requires  a relative  delay  of  a half  period  between  the  "a" 
and  "s"  waves.  The  period  referred  to  is  the  period  of  the  input  vave. 

In  Track  A the  crest  of  the  "s"  wave  would  coincide  with  the  trough  of 
the  "a”  wave.  If  the  two  displacements  matched  exactly,  there  would  be 
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total  vave  cancellation,  Including  the  mechanical  part  of  the  wave.  In 
Track  B the  two  crests  coincide  so  constructive  interference  occurs.  It 
should  be  noted  that  the  "s"  and  "a"  waves  are  just  an  analytical  tool 
to  simplify  the  real  situation.  There  are  not  two  waves  that  actually 
Interfere.  Still,  a useful  analogy  can  be  made  between  sound  waves  of 
different  frequencies  and  the  "a"  nnd  "s"  waves  (that  travel  at  different 
velocities}  (Marshall,  1973:125).  The  beating  of  the  sound  waves  is 
analogous  to  the  "interference"  of  the  "a"  and  "s"  waves  and  the  analogy 
helps  to  predict  the  amount  of  energy  transfer. 

The  periodicity  of  the  metal  strips  also  affects  the  transfer  of 
energy  (Marshall,  1973:125).  When  the  spatial  period  of  the  vave  matches 
the  period  of  the  strips,  all  the  strips  in  contact  with  the  wave  will 
have  the  same  potential.  This  fact  follows  from  the  definition  of  peri- 
odicity and  the  linkage  of  displacement,  stress,  and  electric  field  in  a 
surface  acoustic  wave:  the  electric  field  associated  with  the  wave  will 
have  the  same  value  at  Intervals  equal  to  one  period.  Since  the  strips 
all  have  the  same  potential,  no  electric  field  vill  exist  between  the 
strips.  With  no  electric  field  present  between  the  strips,  a surface 
acoustic  vave  cannot  be  generated  in  the  adjacent  track.  Therefore, 
there  is  a stopband  for  the  strips  associated  vith  the  input  frequency 
that  corresponds  to  the  spatial  period  of  the  strips. 

Other  Interactions 

In  addition  to  the  interactions  of  the  surface  acoustic  waves  with 
themselves  (either  directly  or  Indirectly),  these  waves  can  affect  the 
flow  of  electrons  in  semiconductors  (Lee,  1973:^807-^812).  The  semi- 
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conductor  can  be  separated  from  the  piezoelectric  material  by  a small 
distance  or  it  can  be  Identical  vlth  it  (l.e.  , a semiconducting  piezo- 
electric material).  The  former  is  called  a separated  medium  while  the 
latter  is  called  a combined  medium.  Structures  also  exist  in  which  a 
semiconducting  film  is  deposited  on  a piezoelectric  substrate.  In  either 
case  the  electric  field  of  the  surface  wave  causes  electrons  or  holes  to 
more.  Their  velocities  are  the  product  of  the  total  electric  field  present 
(both  ambient  and  from  the  wave)  and  the  appropriate  carrier  mobility.  The 
total  current  is,  then,  the  sum  of  all  the  charges  times  their  velocities. 

nonlinear  interactions  will  occur  if  both  the  charge  distribution 
and  the  charge  velocity  are  affected  by  the  electric  field  of  the  surface 
acoustic  vave.  The  semiconductor  current  will  then  be  proportional  to 
the  square  of  the  electric  field  of  the  vave.  This  nonlinearity  will 
occur  when  the  velocity  of  the  electrons  or  holes  is  approximately  the 
velocity  of  the  wave,  provided  the  concentration  of  electrons  (or  holes) 
is  great  enough  to  be  significant.  The  effect  of  the  relative  velocities 
of  the  charge  carriers  and  the  vave  on  charge  distribution  can  be  seen 
more  clearly  by  examining  the  extremes.  If  the  charge  carrier  velocity 
is  much  greater  than  the  vave  velocity,  the  charges  will  move  to  neutral- 
ise the  effect  of  the  electric  field  of  the  wave  before  the  wave  can  move 
significantly.  Since  the  electric  field  of  the  vave  is  effectively  neu- 
tralized, the  current  will  not  be  proportional  to  the  square  of  the  field 
even  though  the  charge  distribution  will  be  proportional  to  the  electric 
field.  At  the  other  extreme,  when  a vave  is  moving  much  faster  than  the 
charge  carriers,  the  carriers  cannot  distribute  themselves  fast  enough 
to  be  affected  by  the  electric  field  of  the  ware.  Therefore,  the  charge 
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i distribution  la  not  proportional  to  ths  wares'  electric  field. 

Another  type  of  interaction  can  occur  between  a surface  acoustic 
ware  sad  light  in  an  optical  waregulde.  The  surface  acoustic  ware  causes 
an  Instantaneous  chauge  in  the  density  of  the  medium  surface.  Since  the 
index  of  refraction  light  is,  to  first  order,  proportional  to  the  density 
of  the  medium  (Yariv,  1971:306),  the  light  will  be  reflected  at  different 
angles  by  the  rariations  of  the  acoustic  ware.  This  effect  is  called 
Bragg  diffraction.  The  movement  of  the  ware  will  also  add  a small  dop- 
pler  shift  to  the  frequency  of  the  light. 

Conclusion 

In  this  chapter  soae  of  the  basic  properties  of  surface  acoustic 
wares  were  presented.  The  ware  travels  along  certain  preferred  direc- 
tions on  the  crystal-substrate  surface,  at  speeds  approximately  five 
orders  of  magnitude  below  the  speed  of  light.  Transduction  of  an  elec- 
trical signal  to  a ware  is  dene  through  an  easily-manufactured  metal  pat- 
tern and  this  pattern  is  varied  to  shape  the  va re.  Wares  can  interact 
with  wares  on  the  same  track,  with  wares  on  parallel  tracks,  with  electrons 
in  semiconductors,  and  with  photons  in  an  optical  waregulde.  All  these 
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properties  can  be  useful  in  actual  devices.  The  usefulness  of  these  prop- 
erties, as  well  as  some  properties  that  degrade  performance,  will  be  dis- 
cussed in  the  next  chapter.  Specifically,  three  SAW  devices  will  be  ana- 
lysed, using  these  basic  properties  as  a guide. 
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III.  Analysis  of  SAW  Devices 


In  this  chapter  the  basic  properties  sad  interactions  of  surface 
acoustic  waves  are  applied  to  systems  sad  the  performance  of  these  sys- 
t«a  is  coshered  to  that  of  aon-SAW  systems.  Three  systems  that  use  SAW 
components  win  be  studied:  An  analog-to-digital  cooTerter,  a convolver 
vith  bi-directional  amplification ( and  a phase-locked  loop.  These  appli- 
cations of  SAW  devices  show  innovative  approaches  in  which  the  character- 
istics of  SAW  technology  may  yield  significant  improvement  over  conven- 
tional designs.  In  order  to  better  understand  the  comparisons,  it  will 
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be  necessary  to  present  some  of  the  loss  mechanisms,  distortion  mechan- 
isms and  environmental  effects  in  SAW  devices. 

Additional  SAW  Loss  Mac**^  — 

Same  of  the  loss  mechanisms  were  briefly  presented  in  Chapter  II. 
These  include  the  3 dS  loss  due  to  the  bidirectionality  of  the  transdu- 
cer and  the  misdirection  of  energy  due  to  diffraction  and  beam  steering. 
In  addition  there  are  propagation  losses  and  transduction  losses.  Prop- 
agation losses  occur  due  to  interactions  of  the  wave  with  phonons  (therm- 
ally excited  elastic  waves ) , crystal/surfaee  defects , and  any  material 
adjacent  to  the  crystal  surface  (Slobodnik,  1976:585).  Losses  from  the 
first  mechanism  can  be  reduced  by  lowering  the  temperature.  The  second 
mechanism  can  be  significantly  reduced  by  polishing  the  surface  and  by 
carefully  controlling  crystal  growth.  Loss  reduction  for  the  third 
mechanism  (called  air  loading  or  mass  loading)  involves  reducing  the  mass 
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la  contact  vith  the  surface.  This  caa  b«  doaa  by  encapsulating  the  tur- 
tmem  la  a vacutas  or  la  a light  gas  (s.g. , Helium)  and  by  replacing  heavy 
aetal  fllas  with  lighter  metals,  for  example,  replacing  gold  electrodes 
by  aluminum  electrodes.  The  combined  losses  due  to  the  first  aad  second 
mechaaiams  are  proportional  to  the  vsve  frequency  squared  while  the  losses 
due  to  the  third  aaehaalsn  are  linearly  proportional  to  the  wave  frequency. 

Transduction  losses  are  associated  with  the  Batching  of  an  energy 
source  and  the  transducer.  The  transducer  can  be  represented  by  an  equiv- 
alent circuit  consisting  of  a parallel  combination  of  a capacitance  and  a 
frequency-dependent  admittance  (Smith,  1969:856-861*).  The  latter  Is  called 
the  acoustic  radiation  admittance.  Impedance  matching  is  achieved  through 
the  use  of  a tuning  Inductor.  At  least  half  the  energy  from  the  souree  Is 
lost  in  the  Impedance  matching.  Additional  losses  occur  through  the  para- 
sitic capacitance  of  the  Input  leads  aad  the  mull  resistance  of  the  elec- 
trodes. The  capacitance  In  the  equivalent  circuit  Is  associated  with  the 
laterdlgltal  metal  pattern  while  the  aeoustie  radiation  admittance  Is  asso- 
ciated with  the  travelling  wave  itself. 

Inflections  in  SAV  Devices 

Distortion  mechanisms  are  also  present  In  surface-acoustic-vave  de- 
vices. Inflection  Is  one  such  mechanism.  Like  most  waves,  surface  acou- 
stic waves  are  reflected  at  discontinuities  In  the  wave  medium.  The  dis- 
continuity could  be  In  either  the  mechanical  or  electrical  properties  of 
the  medium.  Mechanical  discontinuities  include  grooves  or  overlays  of 
eosM  material  as  well  a a the  diffusion  or  Ion  implantation  of  Impurities 
to  deliberately  change  the  substrate  properties.  In  addition  to  the 
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mechanical  discontinuity  caused  by  a metal-electrode  overlay,  the  elee- 
troda  shorts  th*  slactric  fields  of  the  wave,  causing  an  electrical  dis- 
continuity. Distortion  occurs  when  the  reflection  Interacts  vith  sn  in- 
casing wave  so  that  the  two  cannot  be  distinguished.  One  particularly 
troubleacme  reflection  that  results  in  distortion  Is  worth  mentioning. 

More  exactly,  two  reflections  are  Involved:  A wave,  coning  from  input 
transducer,  is  reflected  by  the  output  transducer  bach  towards  the  input 
and  Is  then  rereflected  by  the  input  transducer  bach  toward  the  output 
transducer.  This  Is  called  triple  transit  because  the  wave  traverses 
the  surface  three  times  before  it  is  received. 

Although  reflections  can  cause  distortion,  they  can  also  be  useful. 
Since  the  reflection  coefficient  of  grooves  is  proportional  to  the  depth 
of  the  groove  times  the  wave  frequency  (Williamson,  1976:703),  reflections 
can  be  used  to  selectively  reflect  portions  of  large-bandwidth  signals. 

The  allowed  beadwldths  are  related  to  the  fractional  bandwidth  of  the 
surface  acoustic  wave.  For  example,  at  a center  frequency  of  100  MHz, 
even  a 1 MHz  bandwidth  would  only  be  1 percent  of  the  center  frequency. 
Since  reflection  is  proportional  to  frequency  and  since  frequency,  In 
the  exsmple,  varies  by  only  one  percent,  the  reflection  also  varies  only 
one  percent  over  the  allowed  frequency  range  of  the  signal.  For  further 
information  on  the  selective  reflecting  of  signals  see  Dolat,  197*»  In  the 
bibliography.  Besides  signal  separation,  reflectors  can  be  used  for  sig- 
nal  reinforcement. 


The  SAW  resonator  is  an  example  of  SAW  relective  reinforcement  by 


reflection  (Bell,  1976:711-721).  The  resonator  consists  of  two  sets  of 
reflectors  plus  an  Input  transducer  and  an  output  transducer.  Waves 
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reflect  off  both  reflectors  and  add  constructively  only  for  a apaeiflc 
frequency.  This  frequency  la  determined  by  tha  dlstanca  batvaan  tba 
raflactor  aata,  and  tha  structure  la  tha  acoustic  aqul-ralaat  of  a Fabry- 
Parot  carlty.  As  an  axaapla  of  performance,  iom  SAW  resonators  hare 
fractional  bandvldths  as  lew  as  0.0001  (Ball,  1976: 711;  Staples,  1974: 
280-28$). 

Environmental  Effects 

One  environmental  factor  that  affects  surface  acoustic  varus  la 
tanperature.  Lika  most  physical  objects,  temperature  changes  the  pro- 
perties of  tha  crystal.  These  temperature-dependent  properties  Include 
the  elastic,  piezoelectric  and  dielectric  constants  as  veil  as  the  mass 
density  (Slobodnlk,  1976:583).  Since  these  properties  help  determine 
vara  velocity  (see  Chapter  II),  the  vara  velocity  vill  also  vary  vlth 
temperature.  Velocity  variations  are  normally  In  the  10  ppn/°C  to 
100  ppm/°C  range. 

Vibration  is  one  environmental  factor  for  vhich  SAW  devices  have  an 
advantage  over  devices  using  crystals.  Zn  one  experiment  (Vegleln, 
1977:103-104)  the  performance  of  a periodic-grating  SAW  oscillator  in 
a vibration  environment  was  compared  to  that  of  a voltage-controlled 
quarts  crystal  oscillator.  The  SAW  oscillator  had  reflectors  (l.e. , 
periodic-gratings)  to  limit  the  frequency  range  but  used  a non -SAW  am- 
plifier for  feedback.  Both  oscillators  vere  run  at  97  MHs  and  frequency 
multiplied  up  to  9 . 3GHx ; noise  vas  then  measured,  for  both  oscillators, 
from  0 to  20  KHs  away  from  the  9.3  CHs  frequency.  Without  vibrations, 
the  quarts  crystal  oscillator  had  5 to  20  dB  less  noise  than  the  SAW 
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oscillator  over  tbs  frequencies  indicated.  With  vibrations  of  8 G ns 
at  20  to  2000  Hz , tbs  SAW  oscillator  vas  relatively  unaffected.  The 
quartz  crystal  oscillator,  however,  had  noise  of  30  to  b0  dB  above  its 
quiescent  condition,  and  spikes  of  up  to  20  dB  no re,  in  some  places. 

These  noise  qualities  have  definite  ay stems  implications.  Crystal 
oscillators  mist  have  sophisticated  suspension  systems  to  reduce  the 
vibrations,  and  care  must  be  taken  to  minimize  the  vibration  effects. 

Ho  such  effort  is  required  in  making  the  SAW  oscillator  less  sensitive 
to  vibration.  There  are  tvo  reasons  why  SAW  oscillators  are  naturally 
less  sensitive  to  vibrations.  The  substrate  is  thick  (eanpared  to  the 
wavelength  of  the  vibration),  and  it  is  firmly  supported  on  a rigid  base. 
Although  the  results  quoted  were  for  a periodic-grating  SAW  oscillators, 
the  authors  of  the  article  anticipated  similar  results  for  other  SAW 
devices. 

A neutron-radiation  environment  most  significantly  affects  a SAW 
device  which  uses  SAW- semi conduct or  interactions  (Berg,  1976:l6U8-l653) . 
The  neutron  radiation  affects  the  interactions  by  changing  the  properties 
of  the  semiconductor.  Specific  changes  in  these  semiconductor  properties 
include  reducing  the  number  of  free  carriers,  charging  surface  states 
(impurities)  in  semiconductor-oxide  interfaces,  and  decreasing  the  car- 
rier mobility  (Rickets,  1972:176-177).  In  Chapter  II,  the  SAW-semlcon- 
ductor  interaction  vas  characterized  by  a current  in  the  semiconductor 
which  was  the  six*  of  all  the  charges  times  their  velocities.  By  reducing 
the  number  of  free  carriers,  the  net  charge  is  reduced,  thus  the  inter- 
action current  is  reduced.  Similarly,  reducing  the  carrier  mobility 
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reduces  the  interaction  current  by  decreasing  the  charge  velocity  (since 
velocity  is  proportional  to  mobility,  vhen  the  electric  field  is  constant). 
Surface  states  affect  the  smbient  electric  field  at  the  surface.  The 


effect  of  the  surface  states,  then,  is  to  change  carrier  velocity. 

In  one  experiment  (Berg,  1976:161*9)  four  convolvers  using  SAW- semi- 
conductor interactions  were  irradiated  vith  neutrons  and  tested  for  per- 
manent damage.  The  convolver  vlll  be  the  first  SAW  device  to  be  discussed 
in  detail  belov,  so  only  the  performance  degradation  vlll  be  discussed 
here.  Both  separated  medium  and  combined  medium  devices  vere  tested.  The 
combined  medium  device  used  CdS  and  had  a rapid  decrease  in  performance  at 
a neutron  fluence  of  20  x 10^3  neutrons /cm2.  Performance  degradation  vas 
due  to  decrease  in  carrier  mobility  and  the  number  of  free  carriers.  The 
degradation  of  performance  in  the  separated  medium  devices  vas  primarily 
due  to  decreases  in  the  number  of  free  carriers.  A device  using  Si  and 
LiHbO^,  separated  by  an  air  gap,  shoved  imnedlate  degradation  vith  neu- 
tron fluences  as  lov  as  1 x 10^3  neutrons/cm2,  and  the  degradation  grad- 
ually Increased  vith  increasing  neutron  fluence.  A separated -medium  con- 
volver using  polycrystalline  silicon  on  top  of  LlNbO^  had  a marked  de- 
crease in  performance  for  neutron  fluences  of  50  x 1013  neutrons /cm2  snd 
greater.  Another  convolver  that  used  ZnO  on  top  of  S102  (vhlch  vas  on 

top  of  the  silicon)  had  degradation  for  neutron  fluences  of  20  x 1013 
2 

neutrons /cm  and  greater.  The  increased  susceptibility  of  the  Zn0-Si02  - 
Si  convolver  to  neutron  radiation  vas  due  to  the  effect  of  the  charged 
surface  states  in  the  Si02  - Si  Interface. 

Like  the  reflections,  the  charged  surface  states  esn  be  useful  vhen 
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they  a re  controlled.  In  on*  d*rle*  (Coldren,  1975: 137-139)  tb*  charging 
process  vaa  controlled  by  placing  a DC  bias  on  th*  output  *l*ctrod*a  of 
a Zn0-Si02  -Si  convolver.  In  this  cue , th*  charge  vu  injected  into 
th*  eurface  etatea  of  th*  metal  -ZnO  interface.  The  stored  charge  vu 
directly  related  to  th*  largest  applied  bias  and  renained  for  periods  up 
to  1 day.  Th*  effect  of  th*  stored  charge  vu  to  selectively  veight  th* 
SAW- semiconductor  interaction  by  determining  the  ambient  electric  field. 

A consequence  of  this  effect  vu  that  the  charge  patten  could  be  "read 
out"  vhen  an  impulse  vu  applied  to  on*  transducer  of  th*  convolver  and 
a "long"  pulse  vu  applied  to  th*  other  transducer. 

SAW  Convolver 

Th*  reason  that  th*  convolution  of  th*  impulse  vith  the  long  puls* 
gives  th*  stored  charge  read  out , is  directly  related  to  the  process  of 
convolution.  The  convolution,  C(t),  of  tvo  signals  r(t)  and  s(t)  is 

given  by  rv* 

C(t)*  j r(t-  7 ) S(?  ) d7  (1) 

-JO 

The  most  direct  vay  to  implement  the  convolver  is  to  take  the  tvo  signals 
as  inputs,  (one  of  vhleh  is  Inverted  in  time),  bring  th*  tvo  signals  to- 
gether (change  t)  and  multiply  their  magnitudes  on  a point  by  point  basis, 
and  integrate  (or  sm)  th*  products.  Th*  SAW  convolver  uses  this  imple- 
mentation (See  Figure  5). 


Figure  5.  SAW  Convolver  (Kino,  1976:729) 
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The  product  of  the  inputs  la  obtained  through  tho  mechanism  of  nonlinear 
vtn  lntarmetlon,  proaantod  in  Chapter  II,  and  the  total  non-linear  algnal 
la  detected  by  the  output  transducer.  In  the  Zn0-S102  -SI  convolver  Just 


described,  the  stored  charge  weights  each  product  along  the  path.  In  that 
example,  let  r(t)  ■ <f(t),  a(t)  ■ C ■ constant  over  a one  finite  path  length 
and  w(t)  be  the  weighting  function  of  the  stored  charge.  Then  equation 
(1)  bee cms 
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w(T: ) r(t-l)  •('X  ) 
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w( 'x ) (t-r ) c dt-  cw(t) 

Interaction  length 
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The  above  result  Is  the  convolution  as  long  as  the  impulse  Is  under  the 
output  (center)  transducer.  Hotlee  that  the  weighted  convolution  Is  the 
stored  charge  distribution. 

On  a aore  Mathematical  basis  (Kino,  1976:728),  consider  the  Inputs  as 
two  traveling  waves  whose  electric  fields  have  the  font  exp  J (vt-vx/V*) , 
where  w Is  the  wave  frequency,  Va  is  the  acoustic  velocity,  t is  time  and 
s Is  the  position  along  the  surface,  from  figure  5,  the  wave  traveling 
to  the  right  Is  of  the  form  exp  J [w2t  - W2i/Va]  while  the  wave  traveling 
to  the  left  is  of  the  fom  exp[j  wit  ♦ . The  product  of  tho  two 

(the  cross  product  tern  of  the  non-linear  interaction)  will  have  the  fora 
exp  J [( Vj*V2 ) t-(w2-w1)t/Va]  . Letting  • t - s/Va,  the  fom  becomes 
£exp  J[wi(2t-'Y  exp  [j  V2T]  which  Is  of  the  general  fom  of  r(t-  't ) »(/\r) 
but  with  the  tine  scale  weighted  by  2.  As  long  as  the  output  transducer 
can  detect  the  total  product  signal  at  all  points,  the  output  will  be  the 
m of  all  the  products  and,  hence,  the  convolution.  To  detect  the  sig- 
nal, the  transducer  nust  cover  the  entire  area  of  interaction  and  must 
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h*T«  a spatial  parlod  equal  to  that  of  the  ware  (l.e. , proportional  to 
»2-Vi/Va).  Sotlea  that  If  v1  ■ v2,  tha  product  vlll  ba  lndapaadant  of 
position,  so  it  can  ha  detected  vith  Just  a natal  plate.  This  is  called 
the  degenerate  node. 

Sane  typical  parameters  of  a SAW  convolver  vlll  he  helpful  in  assess- 
ing its  value  in  systems  applications.  First,  a figure  of  nerlt  for  a 
convolver  can  he  defined  as  F - vh#r*  p3  *•  the  RP  output  power, 

sad  and  P2  are  the  input  powers.  For  a typical  LilTbC^  convolver 
(Kino,  1976:729)  in  tha  100-200  MHx  frequency  range  with  a bean  width  of 
1.27  at  and  an  output  transducer  2 cm  long,  tha  figure  of  nerit  is  around 
-83dM.  la  a signal  processing  operation,  the  systea  would  normally  con- 
volve tha  received  signal  vith  a known  standard  signal  (internally  gener- 
ated). The  known  signal  can  than  ha  sat  to  a power  level  that  does  not 
generate  appreciable  harmonics.  The  typical  F,  than,  implies  that  the 
output  is  63dB  lower  than  the  input  (for  one  input  at  20  dM).  If  the 
input  signal  level  is  also  restricted  to  20  dBm  (because  of  saturation 
considerations ) , than  tha  highest  output  signals  would  he  -l*3dBta.  If 
tha  noise  level  la  tha  processor  receiver  was  -90dBm,  this  vould  give  a 
dynamic  range  of  -k3dBm  - (-90dBm)  or  1*7  dB. 

Before  describing  tha  SAW  convolver  vith  bidirectional  aaplification, 
it  is  appropriate  to  present  the  idea  of  SAW  amplification.  Amplification 
is  based  on  tha  interaction  of  the  surface  acoustic  wave  and  electrons  in 
an  adjacent  conducting  fila.  This  concept  of  interaction  vas  presented 
in  tha  previous  chapter.  Whan  tha  velocities  of  tha  wave  and  tha  elec- 
trons are  sufficiently  close,  tha  electric  field  of  the  wave  will  modify 
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Figure  6.  Surface-wave  amplification.  (a)  Gaia  curve  of  a 
typical  surface  wave  amplifier  as  a function  of 
the  ratio  Vc/Va  where  Vc  and  Va  are  the  carrier 
and  acoustic  velocities,  respectively,  (b)  The 
solid  line  is  the  gain  of  the  bidirectional  am- 
plifier. (c)  The  experimentally  measured  elec- 
tronic gain  is  in  agreement  vith  the  solid  line 
of  (b).  (Solie,  1976:760) 


the  velocity  of  the  electrons.  To  do  this,  energy  is  required.  If  the 
electrons  speed  up,  the  energy  must  cone  from  the  vave.  Conversely,  if 
the  electrons  slov  down,  energy  is  transferred  from  the  electrons  to  the 
vave.  This  last  transfer  produces  amplification  of  the  vave. 

The  SAV  convolver  vith  bidirectional  amplification  (Solie,  1976: 
760-76U)  involves  an  interaction  a little  more  complex  than  those  pre- 
viously presented.  The  amplifying  characteristics  of  the  bidirectional 
SAV  amplifier  are  presented  in  Figure  6,  section  (b).  The  dc  bias  is 
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applied  to  an  interdigital  electrode  on  a semiconducting  film,  instead 
of  the  tvo  single-electrodes  of  the  standard  SAW  amplifier  (Figure  6, 
section  (a)  ).  The  interdigital  electrode  (Figure  6,  section  (b)  ) has 
alternate  segments  of  reverse  polarity  and  hence  alternating  directions 
of  anpllflcatlon.  The  amplification  in  each  direction  is  given  by  the 
dotted  line.  The  solid  line  indicates  the  overall  amplification,  which, 
indeed,  is  symmetric  about  the  vertical  axis  and  therefore  bidirectional. 
The  internal  amplification  is  a definite  improvement  over  external  ampli- 
fication. Input  amplification  is  limited  by  the  saturation  level. 

Output  amplification  amplifies  the  noise  and  signal  equally,  so  nothing 
is  gained.  The  internal  amplification  raises  the  figure  of  merit  and 
hence  increases  the  dynamic  range.  A typical  efficiency  (figure  of  merit) 
was  found  to  be  -12  dBa,  which  is  a significant  Improvement  over  earlier 
versions  of  the  SAW  convolver. 

Another  improvement  was  found  for  the  degenerate  mode  (w^»W2)  of  the 
convolver.  Since  the  pattern  does  not  vary  with  position  for  the  degen- 
erate mode,  the  center  transducer  can  have  any  shape.  If  it  la  skewed 
(•••  Figure  7)  by  15  degrees,  experimenters  found  that  reflections  from 
the  center  transducer  were  routed  out  of  the  normal  acoustic  path.  This 
lowered  the  distortion  of  the  convolver  (Solie,  1976:763). 

In  comparing  the  SAW  convolver  with  non -SAW  devices,  some  problems 
arise.  First,  there  are  no  analog  devices  that  directly  implement  the 
convolution  of  tvo  different  inputs.  Correlation,  the  mathematical  equiv- 
alent of  convolution,  is  implemented  by  a mixer  followed  by  an  integrator. 
Mixers  in  the  UHF  frequency  range  do  not  have  the  large  fractional  band- 
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Figure  7.  Degenerate  Convolver  with  Bidirectional 
Amplification  (Solle,  1976:762) . 

width  of  SAW  transducers  (e.g. , 0.50).  Comparisons  can  be  made  in  power 
efficiency.  A typical  non-SAW  mixer  has  a conversion  loss  (signal  power 
output  divided  by  signal  power  input , excluding  the  reference  signal 
power)  of  6.5  to  7.5  dB  (Cole,  1975:120).  This  data  corresponds  to  a 
figure  of  aerlt,  F,  of  -26. 5 to  -27.5  dim  when  a reference  signal  of 
20  dBa  is  used.  Although  the  SAW  convolver  with  bidirectional  amplifi- 
cation has  a better  F (l.e. , -12  dte),  the  regular  SAW  convolver  has  a 
much  worse  F (i.e.,  -83  dBa) . Increases  in  the  figure  of  merit  also  in- 
crease the  dynamic  range  proportionally.  The  capability  of  calculating 
the  convolution  in  real  time  is  an  advantage  of  SAW  convolvers,  in  gen- 
eral, over  other  Implementations.  Although  coherent  optical  systems 
(Goodman,  1977:29)  can  theoretically  process  the  amount  of  information 
necessary  for  convolution  in  near-real  time  (e.g. , a Fourier  transformation 
of  a 3,000  by  3,000  elsment  array  in  nanoseconds),  actual  implementations 
of  convolution  are  not  in  real  time  (Goodman,  1977:32). 
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Figure  8.  SAW  Reference  Pulse  (Chodorov,  1977:10) 


Analog-to-Dlgital  Conrerter 

The  next  derice  to  be  studied  is  en  snalog-to-dlgitsl  (A/D)  con- 
rerter using  s SAW-generated  waveform  as  a reference  voltage  (Chodorov, 
1977:8-37).  In  A/D  converters,  in  general,  an  unknown  fixed  voltage  is 
conpared  to  a known  reference  voltage.  The  conrerter  logic  determines 
vhen  the  digital  output  is  equivalent  to  the  analog  input.  In  this  A/D 
conrerter,  shown  in  Figure  9,  an  impulse  is  applied  to  a SAW  delay  line. 
Through  the  vave  generating  mechanism,  the  amplitude  of  the  vave  is  deter- 
mined by  the  interelectrode  spacing.  The  resulting  vaveform  is  illustrated 


in  Figure  8.  The  reference  waveform  is  routed  through  comparator  0-X  to 
a counter  which  is  incremented  for  each  positive  peak  in  the  reference 
waveform.  One  separate  comparator  (SIGN)  determines  the  sign  of  the  input 
vhile  another  comparator  (STOP)  stops  the  counter  vhen  the  reference 
vareform  is  greater  than  the  input.  In  order  to  have  the  correct  number 
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two-channel  system  ( Chodorow 


of  coants  for  tho  counter,  there  oust  be  2S  electrode  pairs  for  N bits 
of  output  since  each  electrode  pair  represents  one  count  of  the  counter. 

One  advantage  of  this  conversion  schasm  Is  that  the  accuracy  of  the 
converter  is  not  dependent  on  temperature.  Although  the  temperature 
will  vary  the  velocity  of  the  wave,  the  number  of  quantisation  levels 
(counts)  is  only  related  to  the  number  of  electrodes.  The  linearity  of 
the  reference  envelope  is  directly  related  to  apodl ration , and  hence  is 
not  temperature  dependent.  The  only  effect  of  temperature  is  to  slightly 
change  the  conversion  time,  l.e.,  the  time  required  to  produce  a digital 
output  after  the  analog  input  is  made. 

Comparisons  can  be  made  between  this  and  other  A/D  converters.  One 
basis  of  coaparlson  is  conversion  time.  The  A/D  converter  with  the  SAW 
reference  waveform  converts  an  analog  signal  to  an  8 bit  digital  signal 
in  2ymsec.  One  source  (Zuch,  1976:19)  gives  a range  of  conversion  times 
for  an  8 bit  output  resolution.  The  conversion  times  range  from  Uo  nsec 
to  20  msec.  In  that  range,  the  faster  converters  use  the  parallel  and 
the  successive  approximation  methods.  The  parallel  conversion  method 
uses  a comparator  for  each  quantisation  level  and  then  uses  logic  to 
select  the  appropriate  digital  code.  Successive  approximation  involves 
using  tha  logic  to  data mine  the  next  choice  of  reference  levels,  based 
on  the  result  of  a previous  coaparlson.  Another  source  (Chodorov, 
1976:1*0  compares  tha  SAV-based  converter  with  non -SAW,  monolithic  A/D 
converters  and  finds  that  the  SAV-based  converter  is  faster  than  all  oth- 
ers except  one.  That  one  has  a conversion  time  of  200  nsec.  Some  of 
those  slower  converters  use  successive  approximation.  One  advantage  of 
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Figure  10.  Phase-lock  loop  (Schachter,  1976:1053) 


the  SAW-based  conrerter  over  the  parallel  and  successive  approximation 
converters  is  that  the  reference  waveform  can  be  used  for  converting  more 
than  one  input  at  a time.  The  other  tvo  types  of  converters  have  little 
or  not  hardware  savings  for  multiple  Inputs. 

The  dual-slope  method  moat  nearly  approximates  the  methodology  of 
the  SAW  devices  and,  in  comparison,  the  SAW-based  converter  has  a much 
better  conversion  time  (i.e.,  2 ^.sec  versus  320^.sec).  Comparisons  of 
linearity  errors,  however,  favors  the  dual-slope  converters.  The  pro- 
totype SAW  device  has  a linearity  error  of  up  to  2 percent,  or  over  2 
least  significant  bits  (LSB)  (Chodorow,  1977:35)  while  the  dual-slope 
converters  have  errors  of  only  0.01  percent  (Zuch,  1976 :2U).  By  better 
manufacturing  techniques  the  error  in  the  SAW  device  can  be  reduced  to 
less  than  1 LSB  (Chodorow,  1977:32)  which  is  slightly  worse  than  H LSB 
linearity  errors  in  successive  approximation  converters  (Zuch,  1976:27). 

Phase-Lock  Loop 

The  final  device  to  be  studied  la  a phase-lock  loop  (PLL)  that  uses 
SAW  components  (Schachter,  1976:1053-1057).  Figure  10  is  a block  dia- 
gram of  the  PLL.  The  SAW  components,  a mixer  and  a low  pass  filter,  are 
enclosed  by  a dashed  block.  The  purpose  of  the  PLL,  in  general,  is  to 
synchronise  the  oscillator  with  the  frequency  of  the  input.  It  is  used 
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In  signal  tracking,  frequency  synchronization  and  FM  demodulation. 

To  analyse  the  device  operation,  consider  e^  (t)  and  e2  (t)  (tvo 
voltages  noted  in  Figure  10)  to  be  a cosine  vave  vith  argument  X and  a 
sine  vave  vith  argument  Y,  respectively.  The  mixer  output,  then,  is  the 
product  of  the  tvo  vaves,  vhich  can  be  expressed  as  the  sum  of  tvo  sine 
vaves.  One  sine  vave  has  an  argument  of  X-Y  and  the  other  haa  an  argu- 
ment of  X+Y.  The  cutoff  of  the  lov  pass  filter  is  chosen  to  eliminate 
the  sine  vave  vith  argument  X+Y  vhich  has  the  higher  frequency.  Voltage 
•0  (t)  is,  then,  a sine  vave  vith  argument  X-Y.  The  voltage  controlled 
oacillator  changes  frequency  according  to  its  input  voltage,  eQ  (t). 

When  X-Y  approaches  zero,  sin  (X-Y)  approaches  X-Y  so  the  oscillator 
frequency  (contained  in  the  argument  Y)  is  changed  tovard  the  original 
input  frequency  and  phase,  X.  But  X has  changed  since  the  first  mixing 
operation  so  the  process  is  repeated.  If  the  input  vaa  originally  in 
the  capture  range  of  the  loop  (i.e.,  if  X and  Y vere  sufficiently  close), 
lock  viU  occur  and  X and  Y vill  differ  by  a fixed  amount.  Note  that  if 
X-Y  is  not  approximately  zero  and  sin  (X-Y)  has  a sign  opposite  of  X-Y, 
the  oscillator  frequency  vill  be  forced  avay  from  the  input  frequency. 

Lock  can  still  occur  because  the  forces  tending  to  align  the  frequencies 
may,  on  the  average,  be  greater  than  the  other  forces. 

Figure  11  shovs  the  actual  implementation  of  the  PLL,  excluding  the 
voltage-controlled  oacillator  (VCO).  These  are  the  SAW  components.  The 
input  and  VCO  voltages  are  combined  in  a transformer  and  transduced  to  a 
surface  acoustic  vave.  As  in  the  SAW  convolver,  mixing  occurs  in  the  PLL. 
Unlike  the  SAW  convolver,  however,  the  vaves  are  travelling  in  the  same 
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Figure  11.  SAW  components  of  PLL  (Schachter,  1976:105^) 

direction.  The  suit lpllcet ion  process  vu  covered  In  the  section  on  the 
SAW  convolver.  Low-pass  filtering  has  not  been  covered  and  it  involves 
the  SAV-seniconductor  interactions.  It  has  been  experimentally  found 
that  this  interaction  increases  the  efficiency  of  the  mixing  process  by 
30  dfi  (Kino,  1973:169).  In  addition,  the  low  frequencies  of  the  mixing 
are  difficult  to  transduce  using  an  interdigital  transducer.  As  an  example, 
a 10  KHs  wave,  in  LiKbO^  has  a wavelength  of  approximately  35  cm  (depend- 
ing on  the  propagation  direction) . Just  one  pair  of  electrodes  would  re- 
quire a 17  cm  length  of  substrate  and  more  pairs  would  be  needed  for  effi- 
cient transduction.  The  length  alone  would  make  transduction  using  an  IDT 
prohibitive.  Transduction  through  the  use  of  an  adjacent  silicon  slab  is 
possible  due  to  the  nature  of  the  induced  currents. 

From  the  original  discussion  of  the  currents  caused  by  the  SAW-seml- 
conductor  interactions,  it  can  be  seen  that  the  total  current  in  the  semi- 
conductor is  the  sum  of  all  the  charges  times  their  velocities.  One  way 
to  calculate  this  current  is  to  find  the  charge  density  and  charge  veloc- 
ity for  a small  volume  of  the  semiconductor  and  multiply  by  the  volume. 

In  nonlinear  interactions,  the  charge  density  (or  distribution)  and  the 
charge  velocity  in  the  volume  are  both,  in  part,  proportional  to  the  elec- 
tric field  of  the  wave  at  that  point.  Part  of  the  velocity,  however,  is 
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du«  to  the  sab lent  electric  field  end  pert  of  the  charge  density  is  also 
not  dependent  on  the  ware  (i.e. , the  charge  density  caused  by  doping  im- 
purity levels).  At  any  one  point,  the  product  of  charge  density  and  charge 
velocity  is,  then, 

(▼a  + Tv}  (ne  + *Sr>  " naTa  ♦ naTv  * °vra  + nvvv  (3) 


vhere  vft  is  the  charge  velocity  due  to  the  ambient  electric  field,  vv  is 
the  charge  velocity  due  to  the  vave,  na  is  the  ambient  charge  density  (i.e. , 
not  due  to  the  vave)  and  nv  is  the  charge  density  due  to  the  vave.  By  tak- 
ing the  volumes  small  enough,  the  sianaation  becomes  an  integral  over  the 
area  of  the  interaction. 
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ambient  alactrlc  field  and  eharga  density  can  be  calculated  or  measured, 
so  the  effect  of  n&v&  can  be  neglected.  If  and  v&  are  essentially 
constant  and  the  spatial  wavelength  is  much  less  than  L,  a further  re- 
duction can  be  made.  The  latter  assumption  about  the  wave  is  generally 
true.  Sven  waves  of  frequency  10  MHz  (the  lowest  frequency  that  can  be 
transduced  by  an  IDT)  have  wavelengths  of  about  0.03  cm  while  L is  ap- 
proximately 1 cm.  If  both  assumptions  are  valid,  navy  and  ov'^a  would 
both  be  directly  proportional  to  the  wave  amplitude  and  their  integral 
over  L would  be  approximately  sero  since  the  integral  is  over  many  spa- 
tial wavelengths. 

The  term  n v is  the  nonlinear  term  and  accounts  for  the  contribution 
w w 

of  the  wave  to  Is.  In  the  phase-lock  loop  in  Figure  11,  the  wave  is  the 
linear  sum  of  (t)  and  e0  (t).  Therefore  the  integral  will  Involve 
the  product 

£e^  (t)  ♦ e2  (t)j  ^e^  (t)  ♦ eg  (t)J  ■ e^Ct)  ♦ 2e1(t)  e2(t)  ♦ e22(t)  (5) 

which  is  proportional  to  the  product  If  e^  (t)  and  eg  (t)  are 

sinusoidal,  the  square  terms  will  involve  dc  terms  and  double  spatial- 
frequency  tens.  The  latter  integrate  to  zero  since  the  integration  is 
over  many  wavelengths.  The  cross  product  involves  the  product  of  sinus- 
oids which  was  presented  in  the  original  discussion  of  the  PL L.  Like  the 
other  high  spatial-frequency  tens,  the  ten  with  the  sum  of  the  argu- 
ments integrates  to  zero.  The  difference  ten  is  Integrated  to  provide 
the  feedback  for  the  VCO  and  the  integral  of  the  dc  ten  can  be  accounted 
for  by  proper  biasing. 
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Another  way  of  looking  at  the  filtering  action  is  to  consider  the 


kL 


impulse  response  of  the  filter.  Current  flows  in  the  semi-conductor 
whenever  there  is  a ware  in  the  piezoelectric  Just  below  the  silicon 
slab.  Since  the  iapulse  is  under  the  slab  for  a distance  L,  or  for  L/V 
seconds,  the  current  is  a pulse  of  duration  of  L/V  seconds.  That  pulse 
is  the  iapulse  response,  by  definition.  The  magnitude  of  the  frequency 
response  of  the  filter  is,  then,  a sine  function  with  a first  zero  at 
V/L  Hz.  Por  V ■ 3^8  m/sec  and  L ■ 1cm,  the  first  zero  is  at  3**5  KHz. 
Varying  the  velocity  (by  choosing  the  piezoelectric  material)  or  the 
length  of  the  silicon  will  not  significantly  change  the  value  of  that 
zero. 

The  remaining  major  element  of  a complete  PLL,  the  voltage  con- 
trolled oscillator,  is,  in  principal,  no  different  in  SAU  and  non-SAV 
designs.  However,  a complete  PLL  can  be  assembled  from  the  combined 
interaction  SAW  device  described  above  and  a VCO,  whereas  conventional 
PLLa  incorporate  separate  phase  detector  and  filter  elements,  making 
the  assembly  more  complex.  The  impedance  levels,  signal  amplitudes,  and 
other  details  may  also  dictate  different  VCO  characteristics  for  the  two 
types  of  PLLs. 

Comparisons  of  the  performance  of  the  phase-lock  loop  using  SAW 
components  with  non-SAV  phase-lock  loops  could  be  misleading.  Although 
one  SAW-based  PLL  has  demonstrated  a large  lock  range  (i.e. , a frequency 
range  over  which  the  input  and  the  VCO  will  remain  "locked"  or  aligned) 
of  t 2 MHz  about  the  16.6  MHz  carrier  (Schachter,  1976:1057),  the  range 
also  means  more  noise  due  to  the  Increased  loop  bandwidth  (Mills,  1971: 
AWU6-U).  Another  performance  indicator  given  by  Schachter  was  total 
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harmonic  distortion  In  demodulating  an  FM  nodulated  10  KHz  sine  wave  from 
a 16.6  MHz  carrier.  The  lowest  distortion  reported  was  slightly  less  than 
2.5  percent  (Schachter,  19T6:105T)  for  a peak  frequency  deviation  of  600 
KHz.  That  percentage  is  not  considered  low  for  PLLs  (Klapper,  1972:122). 
Yet  many  loops  use  additional  filtering  (called  post-detection  filtering) 
to  reduce  distortion  whereas  no  additional  filtering  was  used  In  the  SAW- 
based  PLL  (Schachter,  1976:1056).  It  is  misleading  to  compare  this  pro- 
totype PLL  with  more  developed  PLLs.  A complete  statement  of  the  state 
of  development  of  the  SAW-based  PLL  is  contained  In  Meng,  1975  In  the 
bibliography. 

Comparisons  can  also  be  made  on  a component  basis.  The  SAW  filter 
Is  capable  of  large  bandvldths  (e.g. , 150  KHz)  but  cannot  compete  with 
an  RC  filter  at  lower  bandwldths  (e.g.,  5 KHz).  At  the  lower  bandwldths 
the  silicon  slab  would  be  too  long.  The  basic  mixing  components  were 
compared  In  the  section  on  the  SAW  convolver.  Mixing  in  the  two  SAW 
devices  is  through  the  same  basic  interaction  In  semiconductor  medium 
and  the  two  would  be  totally  comparable  for  the  SAW  convolver  that  did 
not  use  amplification.  That  convolver  was  less  efficient  than  the  non- 
SAW  mixer,  on  the  basis  of  power-out  versus  power-in. 

Conclusion 

This  chapter  has  presented  some  of  the  practical  aspects  of  SAW 
technology.  Specifically,  losses  occur  In  propagation  and  transduction. 
Distortion  partially  occurs  from  reflections  from  transducers  and  other 
aurface  discontinuities.  Reflection  can  also  have  a beneficial  effect, 
when  it  is  controlled.  The  effect  of  the  environment  on  surface  acoustic 
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v»t«i  vu  also  presented.  These  wares , in  a SAW  oscillator,  are  less 
affected  by  a high  vibration  enrlromnent  than  an  electrical  signal  in 
a quarts  crystal  oscillator.  Temperature  can  change  many  of  the  crys- 
tal parameters,  and  one  of  the  results  is  a change  in  vave  velocity. 

Neutron  radiation  reduces  the  efficiency  of  the  interactions  of  the  waves 
with  electrons  in  a s soil conduct or.  One  of  the  mechanisms  of  this  reduc- 
tion is  charged  surface  states.  Like  reflections,  charged  surface  states 
can  be  beneficial,  when  controlled.  These  factors  account  for  sene  of 
the  non-ideal  characteristics  of  the  waves. 

In  order  to  gain  a perspective  on  performance,  three  devices  that 
use  SAW  components  were  presented.  The  performance  of  these  devices  was 
compared  with  the  performance  of  either  equivalent  or  similar  non-SAV 
devices.  The  specific  devices  presented  were  a SAW  convolver  with  bidirec- 
tional amplification , a A/D  converter  that  uses  a surface  acoustic  wave 
to  generate  a reference  voltage,  and  a phase-lock  loop  that  uses  SAW  com- 
ponents for  mixing  and  filtering.  Of  the  three,  the  SAW  convolver  with 
bidirectional  amplification  has  the  best  comparative  performance.  The 
SAW  A/D  converter  demonstrates  better  performance  than  converters  using 
a similar  conversion  method  (i.e.,  dual-slope ) . For  large  bandwidth 
signals,  the  SAW-based  PLL  has  good  performance  even  though  the  individual 
component  performance  may  be  inferior  non-SAV  components.  Part  of  the 
reason  that  SAW  devices  performance  demonstrated  to  date  compares  unfavor- 
ably in  seme  respects  to  conventional  PLLs  is  that  these  devices  are  early 
prototypes  while  the  non-SAW  devices  are  more  highly  developed.  It  should 
also  be  noted  that  each  of  the  SAW  devices  has  a very  simple  structure. 


offering  potential  advantages  in  size,  cost,  and  environmental  ruggedness. 

Further  conclusions  can  be  drawn  from  the  performance  of  the  various 
SAW  convolvers.  As  previously  discussed,  when  mixing  is  done  in  the  piezo- 
electric medlus,  the  power  efficiency  of  the  SAW  convolver  is  -83  dBm,  and 
when  mixing  occurs  in  the  semiconductor  medium  the  efficiency  is  increased 
by  30  dB.  Another  4l  dB  is  gained  in  efficiency  by  strengthening  the  v ave- 


electron  interaction  by  applying  an  external  electric  field  to  the  semi- 
conductor (i.e. , the  bidirectional  amplification).  The  increase  in  power 
efficiency  is  a result  of  combining  and  strengthening  the  various  inter- 
actions. Different  combinations  of  interactions  will  be  analyzed  in 
Chapter  IV. 


IV.  He»  Approaches 

Although  Chapter  III  provided  some  information  about  specific  SAW 
device  performance  and  deficiencies,  many  of  the  subjects  covered  could 
be  expanded  to  iuclude  slightly  different  effects  or  interactions.  The 
purpose  of  this  chapter  is  to  extend  the  analysis  to  nev  and  more  radical 
approaches  to  signal  processing  elements.  The  results  of  the  smplifled 
SAW  convolver  will  be  expanded  to  an  analysis  of  the  effect  of  external - 
electric-field-lnduced  phase  changes  on  mixing.  In  Chapter  III,  the  ref- 
erence vmveform  for  the  A/D  converter  vas  presented  as  being  generated 
by  a fixed  SAV  filter.  Expansion  of  the  analysis  vlll  include  variable 
filters  to  produce  a reference  vave.  Finally  the  analysis  of  the  product 
of  charge-density  and  charge- velocity,  provided  in  the  analysis  of  the 
SAW-based  PLL,  vlll  be  expanded  to  include  variations  in  the  ambient 
charge  density. 

Like  the  results  of  Chapter  III,  the  results  of  this  chapter  vlll 
be  tied  to  coasunlcations  systems.  Hovever,  here  the  analyses  vlll  address 
limitations  in  present  communications  systems.  One  constraint  on  the  per- 
formance of  a system  using  a VCO  is  due  to  the  frequency  instability  of 
the  VCO  Itself  (KLapper,  19T2:122).  This  Instability  might  be  reduced 
if  a fixed,  stable  oscillator  is  used  and  a separate  device  is  used  to 
control  frequency  and/or  phase.  A varactor  (voltage-controlled  capacitor) 
can  be  used  to  control  frequency,  but  there  is  no  device  that  controls 
only  phase.  In  a squaring  loop  receiver,  there  are  limitations  in  im- 
plementation (or  mechanization)  due  to  the  inability  to  achieve  the  com- 
bination of  high  frequency  of  a bandpass  filter,  high  Q (because  of  a 


low  data  rata)  and  the  capability  of  adjusting  the  Q for  varying  data 
rates  (Simon,  1973:6).  In  addition  there  is  a need  for  an  efficient 
square-lav  device  after  the  bandpass  filter.  In  another  class  of  systems, 
the  capability  to  select  a relatively  narrowband  (l.e.,  10  KHz)  signal 
from  a VHF  signal  (or  from  a 17  signal  in  that  frequency  range)  and  am- 
plify it  would  be  a desirable  feature,  particularly  if  the  circuit  ac- 
complishing this  was  simple.  The  applicability  of  SAV  interactions  to 
components  addressing  these  problem  areas  is  not  imnedlately  obvious, 
but , ' as  the  following  sections  demonstrate , considerable  potential  ex- 
ists for  improving  on  present  standards  of  performance. 


Delay  or  Phase  Mixer 

The  effects  of  field-induced  phase  changes  on  the  mixing  process  in 
a semiconductor  are  very  different  from  the  effects  of  amplification  and 
have  received  much  less  attention  in  the  literature  (Crowley,  1977: 558 ). 
Part  of  the  effect  vas  noted  in  the  discussion  in  Chapter  II  of  a v/v  and 
the  multistrlp  coupler.  Vhlle  the  vave  is  underneath  a metal  film,  the 
velocity  of  the  vave  decreases  proportionally  to  the  electromechanical 
coupling  factor,  k . The  change  in  velocity  is  the  same  as  a delay  (or 
advance)  or  a phase  change  in  the  vave.  The  effect  of  the  semiconductor 
is  to  allow  movement  of  electrons  to  reduce  the  electric  field  of  the 
vave,  like  the  reduction  caused  by  the  metal  film.  Because  of  the  dis- 
tance between  the  semiconductor  and  the  surface,  and  the  limited  mobility 
of  electrons  in  the  semiconductor,  the  reduction  of  the  electric  field 
and  the  change  in  velocity  is  not  as  much  as  for  the  metal  film.  As  an 
example,  for  a metal  film  over  yz-LlNbO^  the  velocity  change  is  2.1* 


Figure  12.  (a)  Attenuation  versus  resistivity  with  proposed 

lov-loss  modes  of  operation,  (b)  Phase  lag  versus 
resistivity  vith  proposed  lov-loss  modes  of  opera- 
tion. (Crovley,  19T7:558) 


percent  (Slobodnik,  1976:593)  while  the  maximum  change  for  a silicon  slab 
separated  form  yz-LillbO^  by  an  air  gap  of  1000°A  is  0.76  percent  (Crovley, 
1977:558). 

The  percent  change  in  velocity  can  be  varied  by  applying  an  external 
electric  field  to  the  semiconductor  surface.  This  is  done  by  placing  a 
metal  plate  on  the  side  of  the  semi conductor  opposite  the  surface  and  by 
grounding  the  bottom  surface  of  the  piezoelectric  material.  The  electric 
field  moves  charges  either  toward  or  away  from  the  surface,  thus  changing 
the  surface  resistivity  (Many,  1965:129-163).  With  more  electrons  (lover 
resistivity)  it  is  easier  to  reduce  the  electric  field  of  the  vave. 
Crovley  provides  a plot  of  attenuation  and  phase  lag  versus  resistivity 
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for  a allicon  air-gap  coup lad  to  yx-LilTbO^  with  a gap  of  1000°A  and  at 
a frequency  of  230  MHx.  The  grapha  are  provided  in  Figure  12. 

Rot  addresaed  In  Crowley' a report  was  the  poaalblllty  of  a frequency 
ehaage  aaaoclated  with  the  phaae  (or  velocity)  change.  The  reaaon  for 
thinking  that  there  sight  he  a frequency  change  can  be  seen  by  conparlng 
the  aurfaee  aeouatlc  vara  with  a alsple  harmonic  oscillator  of  a particle 
on  a spring.  Zf  the  spring  has  a spring  constant,  K,  and  X is  the  dis- 
placement distance,  then  the  potential  energy  stored  In  the  spring  la 
KX2/2.  The  frequency  of  the  oscillator  is  then  proportional  to^K/M1 
(Resnick,  1968:3^9)  where  M is  the  nass  of  the  particle.  For  the  surface 

acoustic  wave,  the  electrical  potential  energy  stored  in  the  vare  is  pro- 
2 

portlonal  to  k which  is  approximately  equal  to  2 A ▼/▼.  By  reducing  the 

2 

velocity,  the  coupling  factor,  k is  also  reduced,  so  the  total  potential 

2 

energy  of  the  wave  (aeehanlcal  and  electrical)  is  reduced  to  1-k^  , or 
l-2Av^/v,  where  k^  , is  the  equivalent  reduction  in  coupling  that  is  pro- 
portional to  the  velocity  change  Av^.  If  the  sisple  harmonic  oscillator 
and  the  surface  acoustic  wave  were  analogous,  as  far  as  frequency  deter- 
aination  is  concerned,  the  surface-acoustic-wave  frequency  vould  be  changed 
by  a factor  of  \|  1-2  Av^/v'  for  a velocity  decrease  of  A v^.  The  propaga- 
tion constant  w/v  would  then  be  proportional  to  w 'f  1-2  A v^/v'/V  (1  -av^/v) 

for  a decrease  in  velocity.  But 

\/l-2  Vj/v'sil-Js  (2At1/v)  ♦ (1/2)  (-1/2)  (2dv  /v2?  /2  ♦ higher  order  terse  (6) 

The  prop sgat ion  constant,  with  the  slaplif lcation , is  equal  to  (w/v)  - 
(w/v)  [a  v^2/2v3  (1  -Av^/vjJ  or  the  propagation  constant  vould  increase 
for  a decrease  in  velocity.  If  the  frequency  did  not  change,  the  propagation 
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Figure  13.  Block  Diagram  of  Proposed  Phase  Modulation/Detection  System 


constant  would  he  equal  to  v/y  (1- A ▼.,/▼)  and  would  Increase  for  a decrease 
in  wave  Telocity.  In  this  analysis  A is  Just  a positive  number  and  the 
direction  of  change  is  taken  into  account  by  the  sign  before  the  A v^/y. 

The  experimental  evidence  (Crowley,  1977:559)  agrees  with  the  increase  in 
propagation  constant  for  a decrease  in  velocity.  Therefore  this  model  pre- 
dicts that  the  frequency  change  will  not  occur. 

The  application  of  the  phase  or  velocity  change  phenomenon  which  is 
of  interest  in  this  study  is  in  the  area  of  a voltage-controlled  time  de- 
lay (or  phase  shift).  A proposed  system  is  illustrated  in  Figure  13.  A 
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Figure  lb.  Delay  Mixer 


control  to It age  la  used  to  encode  the  phase  (or  tine  delay)  of  a stable 
oscillator  at  the  transmitter.  At  the  receiving  end,  the  Input  is  de- 
layed and  mixed  with  a stable  local  oscillator.  The  delay  is  proportional 
to  the  phase  (tine  delay)  difference  between  the  input  and  the  local  os- 
cillator. As  an  example  of  the  magnitude  of  voltages  needed.  In  the 
Crowley  experiments  a +30v,  10^ sec  pulse  produced  a 180  phase  advance 
(Crowley,  1977:559)  for  a 1.2  cm  interaction  length  on  the  silicon  slab. 

At  230  MHz,  that  represents  a relative  time  delay  of  2 nsec. 

The  delay  mixer  itself  is  Illustrated  in  Figure  lb.  Note  the  dif- 
ference between  that  figure  and  the  PLL  in  Figure  11.  The  combining  of 
signals  in  the  PLL  is  done  by  the  transformer  while  signal  combination 
in  the  delay  mixer  is  done  through  a multi  strip  coupler.  The  reason  for 
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the  difference  is  to  provide  the  differential  phase  (or  tine)  shift. 

The  nultistrlp  coupler  should  be  designed  for  half  energy  transfer  to 
allow  for  uniform  wiping  through  out  the  interaction  region.  In  both 
devices  is  done  in  the  semiconductor  medium.  Further  strengthen- 

ing of  the  nixing  could  be  obtained  by  placing  another  netal  plate  between 
the  control  plate  and  the  vex  (area  A in  Figure  lU).  The  effect  would 
theoretically  be  coop arable  to  the  effect  of  anplification  on  the  SAW 
convolver. 

Mixing  in  this  device  can  be  analyzed  by  using  the  previously  de- 
veloped fora  of  the  electric  fields  of  the  waves.  Let  the  input  wave 
be  of  the  fora  exp  J (w  t-Wji/vj^)  and  let  the  oscillator  wave  be  of 
the  fora  exp  J (v-jt  - wi*/v2+<®2^*  Then  mixer  vill  fora  the  sun  and 
difference  frequencies.  The  difference  will  be  of  the  form  exp  J j^w^z 
(v1-v2)/v1v2-*-01-02 J . The  spatial  Integration,  over  z,  will  yield  a func- 
tion of  0^02*  The  largest  problems  in  this  device  would  be  converting 
the  naaller  phase-difference  voltage  to  the  larger  control  voltage  and 
compensating  for  different  attenuation  levels  caused  by  different  phase 
(tine)  shifts  (see  Figure  12).  The  forner  could  be  solved  by  pulsing 
the  mixer  with  the  sane  voltage  until  a null  is  reached.  The  latter 
requires  operating  in  the  continuous  node  area  of  the  attenuation  curve 
(Figure  12)  where  there  is  little  attenuation,  or  operating  on  equi- 
attenuatlon  levels  on  the  switching-node  portion  of  the  curve.  Other 
methods  of  compensating  for  attenuation  might  be  nore  difficult. 

It  thus  appears  that  a particularly  simple  and  compact  implementation 
of  the  detection  function  in  a phase  modulation  communication  scheme  is 
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Figure  15.  Squaring  loop  receiver  (Elinors,  1^73  (>) 


possible  vith  a SAW  component.  Its  similarity  to  other,  veil  understood 
SAW  devices  gives  some  confidence  that  bandwidth,  dynamic  range,  and 
power  efficiency  would  be  adequate  to  the  deaaads  of  the  application. 


Variable  Bandwidth  Filter  for  Squaring  Loop 

The  next  area  to  be  covered  is  the  lack  in  conventional  technology 
of  filters  which  simultaneously  provide  high  frequency  (in  the  high  IF 
range),  high  Q and  adjustable  Q.  This  corresponds  to  the  analysis  of  a 
variable  reference  filter,  where  the  reference  generated  is  the  suppressed 
carrier  of  a suppressed-carrier  transmission.  A block  diagram  of  the 
squaring-loop  receiver  is  given  in  Figure  15.  In  one  example  treated 
by  Bell,  a SAW  resonator  is  tuned  to  give  variable  bandwidth  (Bell, 
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1966:719)*  The  untuned  resonator  has  a center  frequency  of  lko  MHz  and 
a 3 dfi  bandvidth  of  2U  KHz  for  a Q of  about  5,800.  By  tuning  vith  a 
0.l6  n't  inductor  and  a 3.7  pf  capacitor  the  3 dB  bandvidth  is  changed 
to  72  KHz  for  a Q of  about  1,900.  Using  a 0.355  ^xh  tuning  inductor  in- 
creases the  bandvidth  to  253  KHz  and  decrease  the  Q to  550.  The  purpose 
of  the  filter  is  to  maximize  the  slgnal-to-nolse  ratio  of  the  suppressed 
carrier  signal  (Simon,  1973:6)  and  that  ideal  bandvidth  is  related  to  the 
data  rate.  This  resonator  vould  allow  high  frequency,  high  Q and  the  ad- 
justable Q by  adjusting  the  tuning  inductor  and  capacitor.  Fran  Bell’s 
examples,  it  appears  that  data  rates  of  about  15  KHz  and  up  could  be 
used.  To  date,  the  emphasis  in  work  on  SAW  resonators  has  been  on  ex- 
tending the  concept  of  fixed,  high  Q filter  elements  to  higher  frequen- 
cies than  ean  be  obtained  vith  conventional  bulk  mode  crystals.  However, 
further  work  on  the  interaction  of  SAW  resonant  cavities  vith  external 
reactive  tuning  and  load  components  is  a promising  approach  to  the  stated 
goal  of  electronically  or  mechanically  adjustable  bandvidth  filters  in 
the  high  IF  frequency  range. 

Following  the  bandpass  filter  in  the  squaring  loop  receiver  is  a 
square  lav  device.  Ideally  there  should  be  a mechanism  that  generates 
vaves  proportional  to  the  square  of  the  input  voltage  (e.g.,  the  elec- 
trostrietlve  effect).  Unfortunately  even  for  materials  vith  high  elec- 
trostrictlre  coefficients,  like  SrTiOj  (Iamsakun,  1975:269),  the  effect 
is  not  strong  enough.  The  next  best  approach  is  to  increase  the  power 
to  strengthen  the  second  harmonic  wave  which  results  from  the  mechsnical 
nonlinearity  of  a solid  wave  propagation  medium.  Slobodnik,  1969  pre- 
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sents  the  relative  power  level*  necessary  to  get  the  second  harmonic  to 
the  desired  level  (for  LiNbO^).  Once  again,  a SAW  component  with  the 
advantages  of  small  size,  built-in  frequency  selectivity,  and  low  noise 
is  a possibility  which,  moreover,  can  potentially  be  integrated  with  the 
acoustic  band  pass  filter,  keeping  the  information  in  acoustic  fora. 

Narrowband  Filter  vlth  Gain 

In  the  section  on  phase-lock  loops  in  Chapter  III,  equation  (3)  pre- 
sented the  various  products  of  the  ambient  and  the  wave  charge  densities 
and  charge  velocities.  One  of  the  terms  on  the  right  vas  a product  of 
the  ambient  charge  density  and  the  wave  charge  velocity.  An  interesting 
possibility  arises  as  a result  of  varying  the  charge  density  from  point 
to  point  as  a function  of  the  distance,  z,  along  the  acoustic  path.  For 
simplicity  the  charge  density  will  be  taken  as  cos  az.  Next  consider  a 
wave  of  the  fora  sin  (v^t  - v^z/v).  The  product  of  the  two  is  cos  az  sin 
(v^t  - w^x/v)  which  will  give  a sum  and  difference  term.  The  difference 
term  will  be  of  the  form  sin  j^v^t  - z(a  ♦ w^/v)J  . If  the  spatial  period 
is  small  enough,  a spatial  integration  (of  the  form  used  in  the  PLL  or 
the  SAW  convolver)  will  be  non-zero.  Moreover  the  spatial  Integration 
over  anything  less  than  one  half  of  the  spatial  period  gives  increasing 
values,  or  the  equivalent  of  gain.  Actual  gain  will  depend  on  the  ex- 
isting loss  mechanisms  (l.e. , propagation  losses  and  transfer  of  energy 
to  the  semiconductor  medium)  and  possibly  other  presently-unknown  loss 
mechanisms. 

The  key  to  the  implementation  of  this  device  is  establishing  the 
varying  charge  density  in  the  semiconductor  medium.  It  can  be  done  with 


ioa  Implantation  taebniquaa.  To  resolve  a signal  frets  a 200  MHz  earriar 
on  yz  LiflbO^  requires  a spatial  resolution  capability  of  tba  ion- implan- 
tation process  of  8 jx a.  This  is  presently  possible.  Tba  region  of  use- 
ful gain  is  United  to  one  half  of  tba  resolved  signal's  wavelength.  For 
a 12  KHz  signal  in  yz  LiHbO^  that  length  is  lU  cm. 

Acoustic  Integrated  Signal  Processing  Components 

The  concept  of  a SAW  system  in  which  a number  of  signal  processing 
steps  are  carried  out  on  a signal  which  is  propagated  in  acoustic  form 
throughout  has  been  proposed  unsuccessfully  for  a number  of  years.  The 
principal  difficulties  have  remained  the  lack  of  effective  wave guiding 
structures  on  highly  anisotropic  SAW  media  and  the  need  to  periodically 
amplify  the  wave  to  cancel  propagation  losses.  A SAW  "integrated  cir- 
cuit" remains  impractical,  but  in  view  of  the  relatively  complex,  mul- 
tiple-medium Interactions  discussed  above,  it  may  be  asked  if  some  degree 
of  functional  integration  is  appropriate. 

Among  the  devices  considered  in  this  study  are  components  which  com- 
bine mixing  and  filtering  functions  and  variable  bandvidth  filtering  with 
square  law  detection  or  mixing.  Additional  possibilities  include  incor- 
porating electronically  variable  phase  control  in  one  or  both  input  sig- 
nal paths  of  a SAW  convolver  and  a variety  of  configurations  in  which  gain 
could  be  added  to  passive  signal  processing  elements.  To  summarize  this 
brief  treatment  of  a complex  subject,  it  can  simply  be  noted  that  inte- 
gration of  functions  is  one  further  area  of  investigation  in  extending 
the  use  of  SAW  components  to  solve  system  problems. 
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Conclusion 


In  this  chapter  several  combinations  of  effect*  end  interaction* 
have  been  presented.  Although  it  i*  difficult  to  predict  perforaance 
in  detail,  sqm  of  the  devices  appear  to  be  worthy  of  experimental  in- 
vestigation. Also  fostered  by  these  combinations  a renewed  possibility 
that  there  nay  be  a SAW  equivalent  to  the  semiconductor  integrated  cir- 
cuit. It  would  combine  several  operations  on  the  propagating  surface 
and  not  be  plagued  by  the  3 dB  loss  incurred  in  transduction  in  and  out 
of  the  SAW  nediun  (i.e. , from  bidirectionality).  It  is  still  too  early 
to  tell  if  the  SAW  "integrated  circuit"  is  possible  but  it  seems  that 


combining  several  operations  adds  to  power  efficiency.  In  any  event, 
the  vide  assortment  of  aechanlaaa  involving  linear  and  nonlinear  interac- 


tions of  purely  acoustic  or  nixed  acoustic  and  electronic  waves  seen  cer- 
tain to  continue  to  lead  to  new  types  of  signal  processing  schemes  and 


components. 


V.  Conclusion!  and 


Recommendations 


In  this  study  an  attempt  vss  made  to  find  nev  vays  of  using  SAW 
tschnology  in  communication  systsns.  Although,  as  the  information  In 
Chnptsr  Z ankss  dsnr,  SAW  dsrlcss  hare  been  used  In  n vide  variety  of 
applications.  It  vas  felt  that  nev  Infomatlon  could  suggest  novel  vsys 
of  using  this  technology.  The  results  of  Chapter  IV  confirn  the  basic 
hypothesis  that  many  nev  device  applications  of  SAW  principles  are  pos- 
sible. 

The  problem  vas  approached  by  first  analysing  the  basic  physics  of 
the  vaves.  Zt  vas  found  that  vhat  Is  considered  basic  is  scnevhat  ar- 
bitrary. For  example,  reflection  Is  a basic  property  used  in  SAW  reson- 
ators but  It  may  be  of  secondary  Importance  In  other  SAW  devices.  It 
vas  also  found  that  conflicting  requirement s require  comprosdses  and 
tradeoffs  betveen  desirable  features.  As  an  example,  the  use  of  a semi- 
conducting material  increases  the  efficiency  of  the  mixing  process  but 
also  makes  the  device  more  vulnerable  to  neutron  radiation.  Finally,  it 
vas  found  that  certain  facts  about  the  basic  physics  can  change.  The 
use  of  the  electrostrlctlve  effect  Is  an  example.  Early  studies  deter- 
mined that  the  electrostrlctlve  effect  vas  not  a very  efficient  method 
of  transduction.  Latter  studies  (Zamsakun,  1975)  found  that  by  dc  blas- 
ing  an  electrostrlctlve  material  (SrTlO^),  the  transduction  efficiency 
vas  greatly  Improved  and  the  material  could  be  made  to  act  like  a piezo- 
electric material.  Despite  occasional  ambiguities  and  analytical  diffi- 
culties, the  use  of  the  basic  physics  as  a guide  to  device  performance 
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is  a useful  tool 


The  study  of  actual  SAW  devices  vas  also  helpful.  The  studies  In 
Chapter  III  showed  that  the  Interfacing  of  SAW  devices  with  non-SAW  de- 
vices and  the  Judicious  combination  of  both  categories  In  a system  is 
important.  For  example.  In  the  A/D  converter,  the  logic  functions  are 
most  efficiently  done  by  non-SAW  devices.  Comparison  of  SAW  devices 
with  non-SAW  devices  shovs  both  strengths  and  weaknesses.  The  areas 
in  which  SAW  devices  particularly  excel  are  high  frequency  (VHF  to  UHF) , 
large  bandwidth,  and  real-time  processing.  Weaknesses  of  SAW  devices 
are  also  apparent.  Although  some  of  the  basic  processes  (such  as  mixing 
in  a piezoelectric  medium)  might  be  weaker  than  those  in  other  devices, 
the  use  of  a combination  of  processes  makes  the  SAW  device  compare  more 
favorably  to  a non-SAW  equl valent.  An  example  of  the  latter  is  the  SAW 
convolver  with  bidirectional  amplification. 

Some  caution,  however,  is  necessary  in  mniring  comparisons.  It  is 
very  important  to  make  sure  that  the  devices  are  truly  similar  in  intended 
function  and  that  the  state  of  development  of  each  device  is  taken  into 
account.  Moreover , certain  capabilities  of  SAW  devices  are  not  found  in 
other  devices,  and  methods  of  measuring  performance  for  SAW  and  non-SAW 
devices  are  sometimes  different.  As  an  example,  the  figure  of  merit  of 
the  SAW  convolver  is  not  used  as  a measure  of  performance  for  the  non- 
SAW  mixer.  For  the  non-SAW  mixer,  insertion  loss  is  customarily  used 
as  a performance  measure.  These  differences  make  it  more  difficult  to 
make  comparisons. 

There  are  also  difficulties  in  finding  new  approaches  to  using  SAW 
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technology  la  con unications  systems.  Of  the  aany  combinations  of  func- 
tloaa  possible,  Just  a few  were  investigated.  Besides  the  number  of  wave 
properties  and  interactions  that  were  studied,  there  is  a question  of  how 
■any  functions  can  be  put  together  and  in  what  order.  In  looking  at  these 
alternatives  the  question  of  applicability  must  eventually  be  asked.  That 
determination  requires  a thorough  knowledge  of  both  the  application  ( i.e. , 
co— uni cations ) and  the  SAU  technology.  It  was  found  that  implementation 
problems  are  not  as  abundantly  addressed  in  the  literature  as  conceptual 
problems  or  experimental  results.  One  reason  for  this  is  that  many  pro- 
cessing schemes  are  based  on  the  capabilities  of  current  implementations. 

The  limitations  are  in  the  conceptual  stage.  All  in  all,  the  new  approaches 
require  an  open  mind  and  a thorough  search  of  the  literature.  The  three 
devices  suggested  in  Chapter  IV  show  premise  and  suggest  that  further 
studies  could  also  be  fruitful. 

Sc—  specific  conclusions  resulting  from  this  work  are  the  following: 

1.  The  technology  of  SAW  devices  with  relatively  simple  structure 
(in  general,  a patterned  metal  film  on  a suitable  substrate)  is  well  in 
hand,  and  the  majority  of  the  possible  categories  of  device  applications 

| have  been  tho'^oughly  investigated.  It  thus  appears  that  future  funda- 

mental advances  will  involve  more  complex  structures  and  interactions, 
an  example  being  the  addition  of  a separate  semiconductor  medium  to  the 
i basic  SAW  configuration. 

2.  Specific  comparisons  can  be  made  between  similar  SAW  and  non- 
SAW  devices.  The  SAW  convolver  with  bidirectional  amplification  has  a 
better  power  efficiency  than  a non-SAW  mixer  (-12  dBm  versus  -27  dBm). 
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However,  mixing  in  a piezoelectric  medium  or  in  an  adjacent  semiconductor 
medium  (without  amplification),  has  a much  lover  efficiency  than  mixing 
in  a non -SAW  device.  The  SAW-based  A/D  converter  has  a reasonably  fast 
conversion  time  (2  usee  for  8 bit  resolution)  as  compared  with  monolithic 
A/D  converters,  but  has  larger  linearity  errors  (2  percent  or  2 LSB  ver- 
sus 0.01  percent  for  a dual-slope  converter  or  1/2  LSB  for  a slmilar- 
convers ion-time,  successive-approximation  converter).  The  SAW  phase- 
loch  loop  has  a large  lock  range  (^2  MHz  about  a l6.6  MHz  carrier).  It 
also  has  more  distortion  (2.5  percent  versus  less  than  1 percent)  than 
a non-SAW  PLL  demodulator.  On  a component  basis,  the  SAW  components 
(mixer  and  filter)  have  worse  performance.  The  mixer  has  a lover  power 
efficiency  and  the  filter  cannot  reach  the  low  bandwldths  (i.e.,  less 
than  5 KHz)  of  a non-SAW  filter. 


Recommendations  For  Further 


As  was  previously  stated,  this  study  was  by  no  means  all-inclusive. 
There  are  many  areas  that  deserve  further  investigation.  Among  those 
areas  are  the  following: 

1.  The  experimental  investigation  of  the  devices  suggested 
in  Chapter  IV.  These  devices  were  a mixer  that  delays 
one  input  relative  to  a second  input;  a variable  Q,  high 

Q bandpass  filter;  and  a filter  that  selects  a signal  based 
on  an  impurity  pattern  in  a semiconductor. 

2.  Based  on  the  suggestion  in  Chapter  IV  to  use  a SAW  variable 
bandwidth  filter  in  the  squaring-loop  receiver,  extend  this 
concept  to  use  surface  acoustic  waves  in  a data-aided-loop 
system.  In  a data-aided-loop  system,  the  detected  data  is 
fed  back  to  a tracking  loop  (e.g.,  a squaring  loop)  to  help 
maintain  the  carrier  tracking. 

3.  Analysis  of  the  use  of  dc  biasing  of  the  electrostrlctlve 
transducer  (Iamsakun,  1975)  to  create  large  strings  of  en- 
coded data. 
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5. 


Investigate  vhether  frequency-mode  coupling  occurs  in  a 
piezoelectric-semiconductor  SAW  resonator.  A similar 
affact  vas  first  noted  in  experimental  results  (Malnes, 
1970)  for  a bulk  wave  acoustic  oscillator  that  used  a 
piezoelectric  semiconductor  and  the  result  vas  described 
as  similar  to  lasing.  The  coupling  was  also  treated 
theoretically  (Zyuryukin,  1976). 

Assemble  a more  comprehensive  list  of  current  and  pro- 
jected communication  system  signal  processing  algorithms, 
and  continue  the  analysis,  on  a functional  basis,  of  pos- 
sible SAW  implementations  and  comparisons  to  non-SAW  ver- 
sions. 
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